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Composite electrolytes, consisting of an organic lithium electrolyte with dis-
persed filler material therein, were experimentally studied concerning their
electrochemical behavior. The influence of added filler material (isolating
particles) on a liquid lithium electrolyte, especially boundary layer phenom-
ena, the influence of surface charge, viscosity trends and electrochemical
stability were evaluated. Hence, different types of silica filler material, meso-
porous and surface designed silica as well as commercially available silica,
were systematically deployed with a range of pore geometry, pore size and
specific surface area. The crucial role of the chemical composition of the
filler surface exposed to an electrolyte of 1 M lithium hexafluorophosphate
(LiPF6) in a solvent mixture of ethylene carbonate (EC) and diethylene car-
bonate (DEC) at the ratio 3:7 was investigated.
Besides different measurements (conductivity, zeta potential, viscosity,
electrochemical window) and material variations (cf. fig. 0.1), some formal
considerations were done like the calculation of the conductivity decrease
with volume exclusion assumptions and estimation of activation energies for
the movement of the ions in solution or the number of possible adsorption
sites on the silica surfaces.
These formal considerations were only helpful to a certain extent. The
conductivities varied much between the systems and therefore, they differed
more or less from the theoretical volume exclusion assumptions. The char-
acteristics of the calculated activation energies could hardly be linked with
the measured conductivities. Most of the dispersions had the same acti-
vation energy as the pure electrolyte, when taking measurement deviations
into account. The calculation of silica surface sites showed, that the num-
ber density of ions in the used 1 M electrolyte is one order of magnitude
higher than the number density of possible adsorption positions on the silica
surfaces in the dispersions.
The conductivity decreased with addition of silica filler material but varied
considerably for the different fillers. Due to the sedimentation of the silica,
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stirring was necessary whereby no particulate network was formed. Several
materials showed deviations from the the conductivity trend expected from
calculation of volume exclusion. Hence, boundary layer effects or interaction
of electrolyte ions with the silica surface (filler material) are assumed. Ac-
cordingly, zeta potential measurements showed partially trapping of Li+ ions
on the silica surface dependent on the surface functionalization and there-
fore the surface charge. As the Li+ ions are the essential charge carrier in
lithium electrolytes this adsorption reaction is unfavorable.
Viscosity studies showed mainly Newtonian behavior of the composite dis-
persions with a liquid organic electrolyte, which again proves that no attrac-
tive particle network was formed. However, the mechanical properties of the
electrolytes changed significantly in some systems with the amount of filler
material, with only little change of the conductivity.
Determination of the electrochemical window showed a slight widening for
one system, maybe due to special morphology of the silica material Cab-O-
Sil in this work, whereby most of the dispersions exhibited the same electro-
chemical window as the pure electrolyte.
Within all the measurements and results no clear trend for the behavior
and characteristics of silica filler materials in a liquid lithium electrolyte could
be observed. The conductivities varied between the composite electrolytes,
but showed a conductivity decrease, which was stronger than the expected
decrease with volume exclusion assumptions. With the used silica materi-
als no particle network was formed, but different influences depending on
the characteristics of the silica materials could be observed. Hence, one
can conclude that the surface chemistry and morphology of the silica filler
materials influence the electrochemical behavior of liquid lithium electrolytes,
which can be positive as well as negative. Improvement of good liquid lithium
electrolytes with addition of silica as filler material did only lead to marginal
changes in this work.
3Figure 0.1: Summary of variations, measurement methods and calculations
used in this work.

Zusammenfassung
Komposit-Elektrolyte, bestehend aus einem organischen lithiumhaltigen
Elektrolyten mit verschiedenen darin dispergierten Silica-Materialien (Füll-
material), wurden in dieser Arbeit hinsichtlich ihres elektrochemischen Ver-
haltens experimentell untersucht (vgl. Bild 0.2). Dabei war der Einfluss
der hinzugefügten Silica-Materialien auf den flüssigen Lithium-Elektrolyten,
bestehend aus 1 M Lithiumhexafluorophosphat (LiPF6) in einem Lösemittel-
gemisch aus Ethylencarbonat (EC) und Diethylencarbonat (DEC) in einem
Mischungsverhältnis von 3:7, von Interesse. Vor allem Leitfähigkeiten, Grenz-
flächen-Phänomene, Einfluss von Oberflächenladungen, Viskositätsverhal-
ten und die elektrochemische Stabilität wurden untersucht. Dafür wurden
systematisch unterschiedliche Silica-Materialien eingesetzt, sowohl meso-
poröse und oberflächenmodifizierte Silica, als auch kommerziell erhältliche
Silica-Materialien, mit verschiedenen Porengeometrien, Porengrößen und
spezifischen Oberflächen.
Innerhalb der durchgeführten Messungen und theoretischen Berechnun-
gen konnte kein eindeutiger Trend für das Verhalten von Silica-Materialien
dispergiert in einen flüssigen Lithium-Elektrolyten festgestellt werden. Die
Leitfähigkeiten variierten zwischen den verschiedenen Elektrolyt-Systemen,
wobei die Zugabe der Silica-Materialien zu einer Leitfähigkeitsabnahme ge-
führt hat, die teilweise stärker war, als durch Berechnung des Volumenaus-
schlusses angenommen. Mit den verwendeten Silica-Materialien wurde kein
partikuläres Netzwerk erhalten, jedoch konnten verschiedene Einflüsse, ab-
hängig von den Charakteristiken der zugesetzten Silica, beobachtet werden.
Zusammenfassend kann gesagt werden, dass die Oberflächenchemie und
Morphologie der Silica-Materialien das elektrochemische Verhalten eines
flüssigen lithiumhaltigen Elektrolyten sowohl positiv als auch negativ be-
einflussen können. Insgesamt hat die Zugabe der Silica-Materialien nur zu
geringen Änderungen der Eigenschaften des flüssigen Elektrolyten geführt.
Die Verbesserung eines gut leitenden flüssigen Lithium-Elektrolyten durch
Zugabe von Silica-Materialien erscheint damit wenig möglich.
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Figure 0.2: Grafische Zusammenfassung der in dieser Arbeit genutzten
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1 Introduction
The markets and applications for lithium ion batteries (LIB’s) are still growing,
and therefore, the search for improvements continues. Lithium ion batteries
are the power source of choice for the portable electronic market, especially
cellular phones and laptops. In this field, the current LIB technological status
fulfills the requirements. Besides, the effective storage of electrical energy is
a main factor for future politics in energy. Efforts in efficient use of renewable
energy sources and replacement of combustion engines with electric motors
is necessary. For the energy efficiency in the use of renewable energies like
solar, wind and geothermal energy, the side support with storage systems to
compensate intermittent characteristics is essential. The LIB is of paramount
importance for the expansion of the electromobility market as well as for
stationary intermediate storage of renewable energies, since a battery is a
device that provides two functions, namely, the energy storage and energy
conversion. Moreover, it is a portable device and capable to deliver the
stored energy with high conversion efficiency and without gaseous emission
[1]. Various problems prevent the large-scale application of LIB’s for this
use, mainly the energy density (and therefore the specific capacity), the rate
capability, the safety and the costs. Generally spoken their lack of economic
viability as well as limits in performance have prevented it from making a
breakthrough. Hence, an improvement of the present LIB technique seems
to be the fastest and easiest way of progress and there is still much potential
for upgrading, before new and promising battery systems are sufficiently
investigated to be applicable.
There is also a great potential for further development of new battery
systems, especially concerning the lithium/sulfur and the lithium/air battery.
However, in order to make them operational, a lot of research is needed as
there are still serious problems to be dealt with. The lithium/sulfur battery
is suffering from the formation of polysulfides for example, which easily dis-
solve in the electrolyte [2] [3], whereas the severe issues of the lithium/air
battery are the reactivity of the anode, the poor reversibility and the poor
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efficiency of the oxygen electrode [4].
Advancements in the lithium ion technology are relevant especially con-
cerning enhanced energy density and the material chemistry [5]. The elec-
trode chemistry for instance passes from intercalation to conversion chem-
istry [6]. The energy density of current LIB’s is in the range of 150 Wh kg−1 -
200 Wh kg−1, whereby the batteries can differ in cycle stability. Prototypes of
Li-S-batteries already exhibit 350 Wh kg−1. Batteries with energy densities
more than 350 Wh kg−1 are needed in order to reach high energy batteries.
With lithium/sulfur and lithium/air batteries even higher energy densities are
expected.
Lithium with its low molar weight (6.9 g/mol), high specific charge
(3862 Ah/kg) and negative electrode potential (− 3.05 V) is in theory well
suited for the use in batteries. Although the lithium metal is thermodynam-
ically unstable in non-aqueous electrolytes, it is kinetically stable in appro-
priate electrolytes due to the formation of a protective layer. This protective
layer, called solid electrolyte interphase (SEI), is built up at the interface be-
tween electrode and electrolyte and is permeable for lithium ions. Dependent
on the type of electrolyte, the SEI consists of organic and inorganic compo-
nents like LiF, Li2CO3 etc. The secondary lithium battery with lithium metal
as anode was not marketable due to the growth of dendrites, resultant loss
of capacity and risk of short-circuits. The breakthrough of the rechargeable
lithium ion battery for portable applications was achieved by Sony in 1991
with intercalation materials as cathode material instead of metallic lithium.
The charge and discharge process is ensured by the transport of Li+ ions
between anode and cathode. Thus, the battery reaction is simple, as only






Most of the current battery systems contain solid electrodes, separated by
special fiber mats (separator) soaked with liquid electrolytes [7]. Basically, in
LIB‘s lamellar carbon materials like graphite are deployed as negative active
mass, which can store and deliver Li+ ions reversibly (cf. fig. 1.1). As posi-
tive active mass compounds transition metals of the type LiMO2 (M = Ni, Co,
Mn) are used. The currently used lithium ion battery consists of graphitic
carbon as anode, predominately LiCoO2 and other layered compounds of
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Figure 1.1: Schematic presentation of a lithium ion battery under
discharge.
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the type Li[Ni, Co, Mn]O2 as cathode and mixtures of alkyl carbonates with
the conducting salt LiPF6 as electrolyte with additionally certain functional
additives [8, 9]. This LIB is capable of a high performance with a mini-
mal amount of side reactions. The electrode active materials must show a
good reversibility and kinetics of the intercalation and deintercalation, as the
lithium diffusion in and out of the electrode structures is the rate determining
step.
In the present lithium ion battery technology a lot of work is done in finding
new or improved electrode materials to enhance the energy density, espe-
cially cathode materials. The substitution of electrode materials does not
mark the final solution for significant progress in the LIB technology. The
electrolyte is also an important component, hence the improvement of the
electrolyte is crucial, particularly for high power and large size applications.
There is still a distinct search for convenient electrode/electrolyte pairs, be-
cause the matching of the battery components is decisive for advanced bat-
teries. A major research issue is to improve the performance and safety
of electrolytes as well as the electrochemical stability, and this issue was
addressed in this work. In the following chapter the fundamental considera-
tions concerning requirements, benefits and deficits of disperse electrolytes
are discussed in-depth, in order to explain the motivation for this study.
2 Motivation
The choice of the right electrolyte for lithium ion battery systems must be
done carefully and is more crucial than often considered [10]. Liquid elec-
trolytes are well established and commonly used in lithium ion batteries.
Polymer electrolytes are also used and represent the attempt to combine
high mechanical, thermal and electrochemical stability. Solid electrolytes are
outstanding in terms of safety but the application in batteries is problematic
due to contact problems with the electrode [11] and typically a lower conduc-
tivity. Relatively new electrolyte components are ionic liquids (IL). They are
promising as solvents as they have good safety features like low vapor pres-
sure and inflammability as well as a good conductivity with the advantages
of a liquid electrolyte [1]. All these types of electrolytes differ in conductivity.
The highest ionic conductivity is offered by liquid electrolytes with the range
of 10−2 S cm−1 - 10−3 S cm−1, followed by polymer electrolytes and IL’s in
the range of 10−3 S cm−1 - 10−4 S cm−1 and by solid electrolytes around
10−4 S cm−1, but fast tendency towards much higher conductivities.
However, still the liquid organic electrolytes are superior in conductivity at
moderate temperatures to most of the other materials (see fig. 2.1). The
ionic conductivity of electrolytes is of course the most important aspect for
the use in lithium ion batteries since it determines the cell resistance together
with the electrode resistances [12]. The solid and ionic liquid electrolytes
that can compete with the conductivity of organic electrolytes at room tem-
perature have to overcome serious problems in the battery like contact and
formulation problems or cathodic stability for example. An additional issue is
the current electrolyte production, which is fully based on liquid electrolytes.
A change of the electrolyte to a non-liquid system would need a completely
different production technology for the lithium ion battery. Therefore, there is
a remarkable interest of the industry to use liquid electrolytes.
The deficits of non-aqueous liquid electrolytes are mainly their flamma-
bility and toxicity. Hence, the goal is to develop an electrolyte, which better
fulfills the high safety requirements, high availability, easy processing and
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Figure 2.1: Electrical conductivities of various lithium electrolyte materials
are shown. Liquid organic electrolytes, solid ion conductors and polymer
electrolytes are compared in conductivity versus temperature (extended ver-
sion of a graphic in source: [13]).
contacting with the electrodes and good conductivity.
The strategy to select electrolyte solutions for LIB’s is based on four prior-
ities [9]:
1. Transport properties: The high-current performance and high mobil-
ity of ions in battery electrolytes is essential for the function of batter-
ies. Therefore, the optimization of transport properties such as trans-
ference number of the main charge carrier, salt diffusion coefficient
and the salt activity are important.
2. Safety features: The flammability and toxicity of electrolytes should
be reduced. Furthermore, the leakage of liquid electrolytes should be
prevented.
3. Electrochemical stability: A battery electrolyte must be electrochem-
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ically stable against the electrode materials. Especially for high-voltage
systems stability in a wide electrochemical window up to 5 V will be
necessary.
4. Temperature range: The surrounding and operational temperature
for batteries fluctuates substantially and therefore the electrolyte should
have good performance over a wide range of temperature without de-
composition.
In recent years many efforts have been made to introduce new solvents
[14], [15], salts [16] and additives [17] that may lead to an improvement
and update of existing electrolyte system performances. Various additives
with different functions are known like SEI modifier (tris(pentafluorophenyl)-
borane (TPFPB)), salt stabilizer (LiF or tris(2,2,2-trifluoroethyl)phosphite -
(TTFP)), cathode protection agents to scavenge water and acidic impurities
(N-Si-based compounds), fire-retardants (cyclophosphazenes), ionic solva-
tion enhancer (boranes, borates) or wetting agents (cyclohexane).
Besides the predominately liquid or soluble additives, the addition of inert
solid particles to the liquid electrolyte is a promising idea that can affect sev-
eral important issues at once (“nanofiller concept” for nanosized particles).
The resulting colloidal dispersions are supposed to exhibit effects known
from the heterogeneous doping of solids, which can enhance the conduc-
tivity [18]. Furthermore, in stable colloidal suspensions the electrochemical
and thermal behavior may also be affected due to boundary effects and the
influence of highly stable particles in a resulting particle network. The re-
duction of the organic fraction would also enhance the safety of the liquid
electrolyte as the flammability and the leakage could be reduced.
The “doping” of solid electrolytes with inert and insulating solids and the
resulting enhanced conductivity is known since the works of Liang back in
1973 [19]. In the 1980, Maier developed the concept of heterogeneous dop-
ing of solid electrolytes to improve their conductivity [18, 20, 21] with highly
conductive space charge regions.
The effort to sustain highly conductive transport paths along internal in-
terfaces also plays a key role in liquid composite electrolytes. Therefore, the
high surface area and the various possibilities of systematic chemical struc-
turing as well as surface modification of silica materials is advantageous.
Recent works where this theory is transferred to liquid electrolytes refer to
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the ’soggy sand’ concept. This second phase effect on the conductivity of
non-aqueous electrolytes firstly was reported by Bhattacharyya and Maier
in 2004 [22–24]. However, the observed conductivity enhancements in var-
ious systems by Bhattacharyya must be viewed in a critical light, as these
effects could not be well reproduced [12] and the mostly used conducting
salts (e.g. LiClO4) are of little significance for practical applications. But a
second phase effect due to space charge regions around the filler material
is still conceivable. As the formation of a space charge region is a surface
effect, the use of mesoporous materials with higher specific surface area
would lead to amplification of a conductivity enhancement. Silica materials
appear to be beneficial as filler materials due to easy synthesis as meso-
porous material and the easily done ’design’ or modification of the surface.
Mesoporous materials as filler material are rarely investigated. The in-
terest is currently growing, even in ionic liquids [25–30], although, the area
of application are predominately polymer electrolytes [31–37]. In the case
of polymer electrolytes, an enhancement of conductivity through dispersed
particles is obvious due to hindrance of crystallization [38], which is clearly
a different effect to those in liquids.
To study the influence of mesoporous silica with various characteristics
on a standard battery electrolyte for lithium ion batteries, composite elec-
trolytes consisting of an organic lithium electrolyte with dispersed filler ma-
terial therein were prepared and examined concerning their electrochemical
behavior. Therefore, different types of silica filler material, more precisely
mesoporous and surface-designed silica as well as commercially available
silica, were systematically deployed with a range of pore geometry, pore
structure and specific surface area in the presented work. The crucial role of
the chemical surface composition of the filler in an electrolyte with 1 M LiPF6
and a mixture of ethylene carbonate (EC) and diethylene carbonate (DEC)
at the ratio 3:7 was investigated experimentally (cf. fig. 2.2). Hence, the con-
ductivity of the composite electrolytes with varying silica mass fraction was
investigated as a function of temperature (and time) using impedance spec-
troscopy. To evaluate the observed effects, calculations with the Maxwell
theory of exclusion volumes as well as the calculation of activation energies
with the Vogel-Fulcher-Tamann (VFT) equation were performed. The sur-
face charge of the silica particles in the used electrolyte were determined
with zeta potential measurements. In this context adsorption considera-
tions were applied and the number of silica surface sites were calculated.
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Figure 2.2: Schematic presentation of the basic experiment and consider-
ations for composite electrolytes consisting of 1 M LiPF6 in EC/DEC 3:7
with several silica filler materials. In the black area of the circle the mea-
sured parameters are mentioned (conductivity σ ; zeta-potential ζ ; viscosity
η ; electrochemical stability window Eg; flash point TFP) [modification on
the basis of a graphic drawn by Bjoern Luerßen].
Moreover, network structures and mechanical properties were examined via
rheological measurements. Electrochemical and thermal stabilities were ex-
amined with linear voltammetry and flash point measurements.
This study was executed within a collaboration with the research group of
Prof. Fröba, University of Hamburg, who took care for the structuring and
functionalization of the silica materials. The particles were synthesized in
Hamburg and have been subjected to the mentioned electrochemical mea-
surements at the Justus-Liebig-University Gießen.
The aim of this work was to acquire an improved understanding of con-
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ductivity phenomena in composite electrolytes and furthermore to examine
silica filler materials concerning safety and mechanical features in liquid bat-
tery electrolytes. Nevertheless, the possible enhancement of electrochemi-
cal characteristics of present standard liquid electrolytes in LIB is one of the
key questions. In general, the intention was to create electrolyte systems
as reliable and stable as the present liquid organic electrolytes. The basic
principles underlying these changes then had to be understood.
This thesis is structured in seven chapters. After the “Introduction” and
“Motivation” section with general information, the “Theory” in chapter 3 com-
prises electrolytes for lithium ion batteries, especially conduction mecha-
nisms and existing works. Additionally, conduction concepts for disperse
electrolytes are specified. Chapter 4 describes the synthesis of materials,
applied methods and used devices to obtain the required results. The re-
ceived results are represented and discussed in chapter 5 and concluded in
chapter 6, where an outlook for further work is given and the thesis is com-
pleted with a summary of the work in chapter 7. Relevant references are
given in the Literature section at the end.
3 Theory
The focus of the following chapter are the basics of conduction phenom-
ena and electrochemical characterization of electrolytes. Recent reviews of
battery electrolytes and their properties, including next generation batteries,
can be found in [39–43].
3.1 The electrolyte in a battery
To fulfill performance and safety requirements for lithium ion batteries, the
electrolyte needs to meet demands like:
• high Li+ ion conductivity
• wide temperature operation window
• high stability against the potential imposed by the positive electrode
(wide electrochemical stability range); i.e. oxidation stability
• high chemical stability in general, but particularly against the anode
• beneficial interaction with electrodes; i.e. good SEI-forming properties
• no degrading interaction with Cu and Al
• acceptable viscosity such that the electrolyte can easily infiltrate into
porous electrodes
• flame retardant→ acceptable safety features
• cost-effectiveness
Consequently, the challenges for the construction of a high power battery
are to develop a nonflammable electrolyte with a large electrochemical and
thermal window, a good SEI-forming ability, and a high Li+-conductivity (σLi+
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Figure 3.1: Possible composition of a SEI on the negative active mass (left)
consisting of electrolyte reduction products and on the right side assumed
compounds forming a deposition film on the positive active mass (taken
from [44]).
>10−3 S/cm) in the electrolyte volume and across the electrode/electro-lyte
interface [45].
Depending on the different applications and specific requirements the
electrolyte composition may differ. The purity of all electrolyte components
is crucial for the performance, especially a low water content. Electrolyte
formulations are a compromise between various factors [46]. One critical
parameter in electrolyte design is the formation of a good SEI and thus a
good electrode/electrolyte contact and low charge transfer resistance. The
SEI, formed by electrolyte decomposition products at the electrode surface
(cf. fig. 3.1), has an important influence on parameters of the battery like
capacity, cycling behavior and stability. The SEI influences the activation en-
ergies of interfacial lithium ion transfer as well [47]. Basically, this layer must
block further chemical reaction between the electrode material and the elec-
trolyte and must allow ionic transport, but prevent transport of electrons. This
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layer acts as a second electrolyte in series with the primary liquid electrolyte.
The composition and stability of the SEI is dependent on the electrolyte mix-
ture as well as on the electrode surface structure. Therefore, the choice of
solvents, salts and other additives within the electrolyte plays an important
role in the formation of a SEI.
As the electrolyte is the link between the reactions at the anode and
the cathode, it balances potential differences between the electrodes in the
running cell. Hence, another important factor for the use of electrolytes in
lithium-ion batteries is the range of potentials in which they are stable, the
so-called electrochemical window. Fig. 3.4 shows, that the typically used
electrode materials operate within the stability window of common organic
electrolytes. In a battery the anode is the reductant and the cathode is the
oxidant. The electrodes are electronic conductors with electrochemical po-
tentials µ˜A and µ˜C (Fermi levels) as shown in fig. 3.2. The electrolyte shows
an electrochemical window Eg in which it is stable. This “window"’ is given
by the energy between the lowest unoccupied molecular orbital (LUMO) and
the highest occupied molecular orbital (HOMO) [45]. Consequently, the elec-
trolyte is reduced by an anode with µ˜A above the LUMO and oxidized by a
cathode with µ˜C below the HOMO. This means the electrolyte solution is
thermodynamically unstable at low and very high potentials vs. Li/Li+.
With the first charge of the cell, the electrolyte starts to degrade by sol-
vent and salt reduction processes. The organic and inorganic decomposition
products are deposited on the electrode surface. Then, the SEI prevents the
electrolyte against further reduction by imparting kinetic stability and there-
fore a larger VOC. The limiting µ˜C of the cathode can be determined by the
HOMO of the salt and the solvents. Thus, it is a key task to design an elec-
trolyte with an electrochemical window that fits to the chemical potentials of
the anode and cathode. The evaluation of positive stability limits of a number
of electrolytes showed, that mixtures of EC with DMC or DEC are kinetically
stable up to the 5 V limit, although none of these solvents is thermodynami-
cally stable at this potential [48].
Generally, four groups of electrolytes for rechargeable Li-ion batteries are
in use or under development so far [49]:
1. Liquid electrolytes are solutions of lithium salts in aprotic organic
solvents (usually solvent mixtures)
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Figure 3.2: Energy diagram for an electrolyte with open-circuit conditions.
It shows, that the electrochemical potentials of the anode µ˜A and the cath-
ode µ˜C have to be in the range of the electrochemical window Eg of the
electrolyte for thermodynamic stability. This window is expanded by pres-
ence of an SEI layer. ΦA and ΦC are the work functions of the anode and
the cathode (graph after [45]).
2. Polymer electrolytes are formed by the dissolution of lithium salts in
high molecular weight coordinating macromolecules (e.g. polyethyle-
neoxide (PEO))
3. Ionic liquids (IL’s) - organic salts with high charge delocalization and
steric hindrance
4. Solid electrolytes - solid lithium ion conductors, ceramics and glasses
Liquid electrolytes have one of the major advantages besides the consid-
erably greater ionic conductivity, which is the ability to compensate volume
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changes of the electrode materials during charge and discharge [7]. Well
established liquid electrolytes for ambient temperatures consist of organic
solvents with lithium salts like LiPF6. The organic solutions are mostly binary
solutions of a cyclic carbonate like ethylene carbonate (EC) or propylene car-
bonate (PC) and a linear carbonate like dimethyl carbonate (DMC) or diethyl
carbonate (DEC) (cf. tab. 3.1). The mixing ratio of the solvents is chosen
in a way, that the ionic conductivity and the viscosity are balanced. The
problem is that high solvent polarity and therefore good salt solubility goes
together with a strong solvent-solute interaction and consequently high vis-
cosity. Alkyl carbonates are used because of their anodic stability, their high
polarity and good conductivity. Also their reasonable range between boiling
and freezing temperature, their low toxicity and their acceptable safety fea-
tures are beneficial. EC is very attractive as electrolyte solvent, however,
it has a high melting point, so that it must be combined with another sol-
vent. PC as cosolvent was recognized to cause defoliation of the graphitic
negative electrode [50]. Other possible solution components are ethers and
esters, but alkyl carbonates have higher oxidation potentials.
To operate as an electrolyte, solvents have to be combined with lithium
salts. Thereby, the lithium salt has to comply several criteria:
• high solubility
• good dissociation
• stable at electrode potentials
• non-toxic
• inert to other components of the cell
• formation of SEI
Most widely used is LiPF6, especially in industry, but LiClO4, LiAsF6,
LiBF4, LiTFSI and LiBOB are also applied in various scientific publications,
whereas all of them have advantages as well as disadvantages (see tab.
3.2). LiBOB and LiFAP seem to be the most promising alternatives to LiPF6.
LiBOB was studied for high temperature applications [52] and was found to
be more stable than LiPF6, to form a stable SEI and to have a wide potential
window. The conductivity in comparable solvents, however, is smaller than
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Table 3.1: Overview of typical solvents used in LIB’s and their physical
properties. Selected and supplemented Data from [51].
that of LiPF6. Merck’s LiFAP salt seems to have even more promising elec-
trochemical behavior, but suffers from high production and purification costs
[53]. LiClO4 has to be handled carefully due to potentially explosive char-
acter, LiAsF6 is toxic and LiTFSI causes corrosion of the aluminum current
collector in liquid electrolytes. LiBF4 with its small anion size and therefore
high mobility reacts with the aluminum current collector as well, but due to
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Table 3.2: Overview of typical salts used in LIB’s and their physical prop-
erties. Supplemented Data from [51].
a passivation reaction it can be used. Nevertheless, the solubility and the
SEI formation are still poor. Therefore, LiPF6 is the best compromise at the
moment. The problem with LiPF6 is the decomposition caused by heat and
moisture [54]. The decomposition products, e.g. HF, are highly reactive on
the electrodes resulting in bad impact on the electrode performance [55]. In-
terestingly, it was found that small amounts of the resulting HF increase the
battery cycle life, due to the formation of a very strong passive layer on the
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Figure 3.3: Conductivity behavior dependent on the concentration of salt in
an electrolyte with low viscosity.
aluminum collector such as AlF3 [56].
In general, the optimal salt concentration has to be determined to create a
good electrolyte, since the conductivity of an electrolyte passes a maximum
dependent on the salt concentration (see fig. 3.3). With increasing salt
concentration the ion concentration increases until a maximum is reached.
Then the formation of ion pairs outweighs the addition of free ions and thus
the conductivity decreases. The concentration should be chosen in a way,
that the conductivity maximum is reached.
Besides the search for new salts and solvents, the improvement of the
electrolyte performance by additives is widely studied. Various additives are
available, whereas each additive exhibits a unique function to improve the
battery performance. Additives can be classified into the following categories
[17]:
• SEI forming enhancer
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Figure 3.4: Stability window of liquid organic electrolytes in comparison
with the potential vs. Li+/Li0 of common positive mass and negative mass
materials.
• cathode protecting agent
• salt stabilizer
• safety protection agent (flame retardant, overcharge protector)
• Li decomposition agent
• solvation enhancer
• Al corrosion inhibitor
• wetting agent
The concentration of additives in the electrolyte is typically not more than
5 % in weight or volume. As additive often vinylene carbonate (VC) or vinyl
acetate, for example, are used because the materials form insoluble, solid
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products by reduction that cover the graphite electrode and increase the SEI
stability. Sulfur-based additives like ethylene sulfite are added as reduc-
tive agents to assist the SEI formation. Even nitrate and nitrite or aromatic
esters have been implemented to improve SEI formation, whereas boron-
based compounds have been studied as additive to increase the cycle-life of
batteries by stabilizing the SEI. An enormous number of materials is tested
as additives, as the use of additives is an effective way to improve LIB per-
formance.
Besides the liquid electrolytes, polymer electrolytes are a widely studied
field of LIB electrolytes. With the discovery of ionic conductivity in alkali
metal salt complexes of poly (ethylene oxide) (PEO) in 1973 by D. E. Fenton
et al. [57], polymer electrolytes became interesting for the use in batter-
ies. Polymer electrolytes combine the advantages of solid-state and liquid
electrolytes and offer the easy processing of plastic materials (flexible ge-
ometry). Furthermore, with the mechanical features of polymer electrolytes,
it is possible to omit the separator. Basically, polymer electrolytes are solid
solutions of alkali metal salts in polymers, where either the cation or anion is
covalently fixed to the polymer repeat unit. To facilitate the salt dissociation
the lattice energy of the salt should be low and the dielectric constant of the
polymer should be high. Compared to liquid electrolytes the polymer elec-
trolytes have benefits in safety (e.g. no-leakage) but show a relatively poor
conductivity at room temperature.
Different groups of polymer electrolytes are available: dry solid polymer
electrolytes, gel polymer electrolytes and composite polymer electrolytes
[58]. The dry solid ion-conducting polymers are in their simplest form poly-
mer lattices with salt dissolved therein, acting as solid solvent, while no or-
ganic liquid is included. These polymer electrolytes, mainly in the form PEO-
LiX, offer only a low ionic conductivity (10−6 S cm−1) at ambient temperature
[59, 60]. To obtain polymer electrolytes that operate at ambient tempera-
ture, the most common approach is the addition of low-molecular weight
plasticizers (cyclic carbonic acid esters and chain-like esters like propylene
carbonate) resulting in gel-type polymers [61]. They do not crystallize and
they exhibit higher conductivities, because the amount of charge carriers
is increased. The problem is their lack of chemical stability under working
conditions.
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One of the most promising ways to improve electrical and mechanical
properties of polymer electrolytes is the addition of ceramic filler material
[58] (see chapter 3.1.2). Besides the predominantly used PEO host mate-
rial, Poly(vinylidene fluoride) (PVdF) is a promising material. Other employed
polymers like poly(acrylonitrile) (PAN), poly(methyl methaycrylate) (PMMA)
or poly(vinyl chloride) (PVC) have too many disadvantages like poor ionic
conductivity or passivation of the electrode contact.
The increasing interest in ionic liquids as electrolytes for batteries results
from their low vapor pressure and therefore high safety, as organic elec-
trolytes are predominantly flammable and sometimes toxic. IL’s have lower
melting points than inorganic salts. Due to their large organic cations and
high charge delocalization of the anions they are not flammable and ther-
mally stable up to 400 ◦C. Correspondingly, the larger the structural groups
acting as ions, and the lower their electrical charges, the easier it is to break
them apart with thermal energy. Furthermore, materials with ions that are
less symmetrical tend to have lower melting points as they are more difficult
to fit into crystal lattices. Both ions contribute to the charge transport. As
cations quaternary ammonium groups R4N+ are widely used and as anions
bulky ones like F3(CSO2)2N−, BF4 −, AlCl4 −, PF6 −, butylpyrrolidinium and
butylmethylimidazolium are used. The conductivity of the IL’s in the mS/cm
range depends on the chain length of the alkyl cation component. Neverthe-
less, the easy preparation and the variety of components that can be used
and therefore the possibilities in “designing” IL’s, makes them attractive as
electrolyte material [62].
In several publications the reasonable behavior of IL’s as electrolytes in
lithium batteries was demonstrated [15, 63–69]. However, the interface struc-
ture between the electrodes and the IL is still not well understood and most
of the IL’s are not stable at reducing voltages, possibly due to impurities. Fur-
ther, they are not prone to form a SEI layer without additives and moreover,
their costs are high, hence they are marginally deployed in organic elec-
trolytes to modify properties [70, 71].
Solid lithium ion conductors are not used as electrolytes in LIB’s yet, be-
cause of two major reasons: Firstly, their conductivity is not as high as com-
mon organic electrolytes and secondly they cannot compensate the volume
changes of the electrodes during the cycling and the resulting mechanical
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stress. Solid lithium electrolytes might be useful in cells operating at ele-
vated temperatures, where liquid electrolytes are no longer stable. They are
essential for the development of thin film batteries and they are suitable for
aggressive environments. Three compound classes are investigated as ce-
ramic solid electrolytes in LIB’s: sulfides, oxides and phosphates. There
is a good overview provided by Fergus [11]. Several sulfide glasses or
glass-ceramics like Li2S-P2S5 or the so called thio-LISICON have been re-
ported. There is no rule for the conductivity of those conducting glasses,
as sometimes crystalline and sometimes amorphous phases show higher
conductivities. Two oxide structures were considered to be appropriate as
lithium ion conductors: on the one hand materials with perovskite struc-
ture of the type ABO3 and on the other hand materials with garnet struc-
ture [72]. Additionally, there are good conducting phosphates, similar to the
well known sodium-ion conducting NASICON. There, the highest conduc-
tivities are observed for the compound Li1+xAlxGe2−x(PO4)3 (LTAP). One
of the most promising glass ceramics is the so called Ohara glass with the
crystalline phase Li1+x+yAlx(Ti,Ge)2−xSiyP3−yO12, but the instability against
lithium metal is problematic [73].
3.1.1 Ionic conduction mechanisms of liquid, solid and
polymer electrolytes
Basically, the dissolution of salts in solvents leads to charged and solvated
particles through dissociation. The existence of ions in solution can be
proven by conductivity measurements, as the ions move through the elec-
trolyte driven by an applied electric field. The conductivity σ of a liquid elec-
trolyte is described by the following equation:
σ = Σ zi · e0 ·ni ·ui (3.1)
The ion charge number zi, the elementary charge e0, the concentration
of ions ni and their mobility ui determine the conductivity. The conductivity
is measured via the electric resistance of a defined amount of electrolyte.
Therefore, two electrodes (e.g. platinum) are immersed into the solution and
high-frequent alternating current (AC) is applied, as continuous current (DC)
leads to polarization and electrolysis at the electrodes [74].
The electrolyte resistance is given by:







In this case, l/A is the cell constant with the distance between the elec-
trodes l and the area of the electrode A. 1/σ is also termed the specific
resistance ρ . The SI unit for the specific conductivity σ is S m−1. The
specific conductivity depends on the concentration of ions in solution and
thereby on the salt concentration. The mobility of ions is dependent on the
solvent by the viscosity η and therefore also dependent on temperature and
pressure, whereas it is inversely proportional to the hydrodynamic radius R j








The Li+ ion has a high charge density. In liquids, migration and diffusion
processes are assisted by solvent reorientation. The mobile charge is sur-
rounded by a solvent sheath, which has to be sheared off for any transfer
across the electrolyte interface like intercalation. Non-aqueous electrolytes
are used in lithium ion batteries because of the high reactivity of lithium and
the low decomposition potential of water. In non-aqueous electrolytes the
concentration has a higher impact, so that the specific conductivity is lower
compared to aqueous electrolytes in the same concentration range [75]. For
the case that the hydrodynamic radius is unchanged in a given tempera-
ture range, the temperature dependence of the mobility can be attributed to
the viscosity. Hence, the viscosity of liquids decreases with increasing tem-
perature (η ∝ exp (EA/RT)), and therefore the ionic conductivity increases.
Besides the electric field as a driving force for ion migration, ions can move
due to diffusion, i.e. driven by concentration differences. The direction for dif-
fusion is given by the negative concentration gradient. The Einstein relation





The extended Nernst-Einstein equation connects the diffusion coefficient
with the molar limiting conductivity and thus, the diffusion coefficient can be
determined via conductivity measurements, if the charge carrier concentra-
tion is known. Further, the Stokes-Einstein relation links the viscosity coef-
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ficient with the diffusion coefficient, but this relation is valid for not too small
spherical particles.
The charge transport is not shared equally by all ions in electrolyte solu-
tions. The individual ion conductivity can be described with the transference
number t. This is the is the fraction of the total current I carried in an elec-








For the characterization of electrolytes for LIB’s the transference number
is essential, because the Li+ ions are the relevant charge carriers and there-
fore the transference number of the Li+ ions has to be specified. There are
several methods (potentiostatic or galvanostatic polarization, electromotive
force, pfg-NMR) that can be used, but each of them has noticeable inaccura-
cies [76]. Moreover, for liquid-solid composite electrolytes the determination
of the Li+ transference number seems to be even more difficult.
The conduction in solid materials differs from liquids. In solid materials
electrons and holes as well as ions can contribute to the conductivity. De-
pending on the conduction mechanism, solid materials are classified into
metals, semiconductors and isolators and their conductivity can be explained
by the energy-band model. The ionic motion in solid electrolyte materials
corresponds to the displacement of “bare” ions, residing in potential wells to
overcome energy barriers through thermal activation [7]. Other components
of the lattice structure are immobile. Accordingly, ion motion in solid materi-
als is provided through lattice defects. Hence, ideal crystals without defects
are isolators. Real crystals always exhibit defects at temperatures exceed-
ing 0 K for entropic reasons. The number of defects grows with increasing
temperature, as entropy and enthalpy contributes to the total energy. Basi-
cally, variable defects in different dimensions can occur, whereas point de-
fects (0-dimensional defects) [77] show the greatest influence. Within the
point defects a distinction is made between Frenkel- and Schottky-type de-
fects [78–80]. In both cases, the ion transport is correlated with an activated
change of positions and are exponentially temperature dependent. In con-
clusion the conductivity in solids is dependent on the number of available
charge carriers and therefore on the defect concentration and moreover on
the height of the activation barriers.
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There are other variables for the conductivity in polymers (see fig. 3.6):
the degree of crystallinity and the glass transition temperature Tg. At Tg the
mechanical and thermodynamic properties of polymers and glasses change
substantially. Polymer-salt complexes are either semi-crystalline or amor-
phous, whereas in crystalline regions and complexes no ionic conductivity
was found. This means, the ionic transport occurs exclusively in amorphous
regions, where the segmental motion of the polymer host matrix has been
identified as the main parameter controlling the conductivity.
The glass transition temperature is dependent on the structure of the poly-
mer. The glass transition temperature is lower, the more flexible the main
chains are. The side chains (in cross-linked polymers) lead to a low Tg, if
the distance between them is far. With an increasing number of side chains,
the glass transition temperature therefore increases. The motion of ions is
coupled with the segmental motion of chains above Tg, in the so-called rub-
bery state. That is why “low-Tg” materials are searched for an efficient ion
transport in polymers [81]. Moreover, plasticizers are used to work as in-
ternal “lubricant” and ingredient to decrease Tg. Large weight fractions of
additives like TEGDME, PC and EC are used. This results in gel electrolytes
with a “swollen” polymer network [81]. The effect of plasticizers can be enor-
mous, so that room-temperature conductivities of sol gel electrolytes are in
the range of liquid organic electrolyte conductivities. The room temperature
conductivities of polymers are at least two orders of magnitude lower in value
than those of liquid organic electrolytes. Ionic conductivities of 10−3 Ω cm
−1 are reached at temperatures around 80 ◦C - 120 ◦C without electronic
contribution (cf. fig. 3.5). The ionic conduction proceeds via a worm-like
solvation-desolvation process along the chains above Tg. In this case, the
solvent is “immobile”, as in inorganic solid electrolytes. Some cations in poly-
mers are too strongly attached to the chains, however the singly charged
Li+ is not immobilized. The Li+ ion motion follows this solvation-desolvation
process along the chains. There are indications, that solvated salt units ag-
gregate into dimers and trimers, acting as temporary cross-links for polymer
chains. Hence, an increase of salt concentration leads to an increase in
chain stiffness. Nevertheless, the correlation between the ion motion and
the segmental motion of the macromolecules is expressed in laws for the
temperature-dependent conductivity of amorphous systems.
The temperature dependence of the conductivity for liquid and polymer
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electrolytes above the glass transition temperature is often inadequately de-
scribed by a simple Arrhenius expression, since the temperature depen-
dence of the pre-exponential factor σ0 is not taken into account. While the
Arrhenius theory remains the best approach for solid electrolytes, empiri-
cal laws including the glass transition temperature (Vogel-Fulcher-Tamman
VFT [82–84] or Williams-Landel-Ferry WLF [85]) apply widely to disorga-
nized matter, polymers and to liquids as well. Hence, a variety of empirical
descriptions have been developed to describe the temperature dependence
of ionic conductivity, like the VFT equation. This equation was introduced to
describe the viscosity of glasses and polymers dependent on temperature,
but is also used to describe the temperature dependence of the conductivity.
In its modified form, a temperature dependence of the prefactor is assumed:
σ = σ0 T−1/2 · e−
EA
R(T−Tg) (3.6)
The additional parameter in the VFT equation compared to the Arrhenius
equation is Tg. Killis et al. demonstrated that this model expresses the
correlation between the mechanical properties of a polymer and the ionic
conductivity for a wide variety of compositions [86].
3.1.2 Disperse electrolytes
The conductivity enhancing effect of a dispersed (insoluble, isolating) sec-
ond phase (filler material) in a solid electrolyte material is well known as
heterogeneous doping since many years. Wagner has already published a
paper in 1972 with the title: “The Electrical Conductivity of Semiconductors
Involving Inclusions of Another Phase” [88]. There, he summarized classi-
cal approaches known for two phase mixtures since Maxwell [89]. With the
increased ionic conductivity of LiI due to the dispersion of Al2O3 particles
in it, published by Liang in 1973 [19], the reasons for these conductivity ef-
fects of heterogeneous doping have been widely studied in the 1980’s by
Maier and Wagner, predominantly [21, 90]. Several material combinations
were studied to clarify the transport phenomena in solid two phase mixtures.
CuCl, AgI and AgBr were used for example as matrix material and as filler
material particles of Al2O3, TiO2 and SiO2 were dispersed therein. Various
models were developed to explain the enhancing effect on the conductiv-
ity. The main assumption is a space charge region at the interface of the
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Figure 3.5: Conductivity range dependent on the temperature for polymer
electrolytes compared to organic liquid electrolytes (Source: [87]).
two materials with surface interactions. This is further explained in section
3.1.3. The conductivity enhancing effect is thought to be a result of surface
induced defects [18]. However, this model is only effective with small defect
concentrations.
The concept of heterogeneous doping was also transferred to polymer
electrolytes. The addition of an inert filler to a polymer matrix was first
introduced by Weston and Steele in 1982 [91]. The idea was to improve
mechanical characteristics in the way that a solid-like support matrix is pro-
vided by the fillers, allowing the amorphous parts of the polymer to maintain
its liquid-like character in terms of fast ionic mobility [92]. A rigid structure
out of particles and polymer can be formed, which is more permeable for
ions than the pure polymer. The observed conductivity increase in compos-
ite polymer electrolytes is explained by an enhanced degree of amorphocity
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Figure 3.6: Schematic presentation of the different conduction mechanisms
in a) liquids, b) polymers, c) crystalline solids (Source: [87]).
or a hindered recrystallization (cf. 3.1.1). In polymer electrolytes the con-
cept of heterogeneous doping with filler materials is now widely applied for
over 20 years [38, 93–96] and Stephan and Nahm give a good overview for
lithium ion conducting composite polymer electrolytes until 2006 [58]. Be-
sides the use of polymer electrolytes in LIB’s, they are commonly used in
solar cells [97–99] and applied in fuel cells [100, 101]. The possibilities for
filler materials are manifold, so that even inorganic-organic nanotubes [95]
and polyanilin nanofibers [102] are used. The role of ceramic fillers in gel
electrolytes, which are a combination of polymer and liquid electrolytes, has
also been addressed [103].
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For liquid electrolytes the concept of heterogeneous doping with inert
solid particles was introduced in 2004 by Bhattacharyya et al. [23]. The
authors formulated the concept of “soggy sand“ electrolytes [24], where liq-
uid organic electrolytes are mixed with oxide particles to achieve improved
ionic conductors. Compared to polymer electrolytes, these electrolytes have
higher conductivities with good mechanical properties. Inorganic filler ma-
terials may help to fulfill some of the requirements for liquid electrolytes in
lithium ion batteries, as they reduce the volume fraction of the inflammable
phase while the conductivity is barely affected. The use of surface function-
alized filler materials might even enhance the ionic conductivity due to extra
inter-facial pathways for the lithium ions. In the concept of “soggy sand” ion
conductors the conductivity enhancement is thought to be caused by ad-
sorption interactions of the ions in solutions with the surface of the oxide
particles [104] and furthermore by percolation pathways along connected
particles [24] [105]. Basically, an electrolyte consists of ion pairs besides a
few free ions. In the space-charge-region-model the oxide surface may ad-
sorb the anions of the electrolyte, and therefore the required lithium charge
carrier for LIB’s could dissociate out of the ion pairs. This would result in
an enhanced concentration of free charge carriers in a space-charge region
around the oxide filler particle (see fig. 3.7). Nevertheless, the published
conductivity enhancement by Bhattacharyya [23] for dispersed oxide parti-
cles in concentrated electrolytes could not be reproduced in this work [12].
The concept of heterogeneous doping is even applied to ionic liquids
[106]. In this case, the filled ionic liquid electrolytes offer a specific mech-
anism to suppress the formation of lithium dendrites in lithium metal based
batteries. Furthermore, the composite ionic liquid electrolytes are also con-
ceivable for lithium ion batteries [29]. As the lithium ions in ionic liquids are
highly coordinated by the anions and therefore hindered in migration, interac-
tion with the filler material can be helpful. Either the filler surface can interact
with the anions to break up the lithium anion complexes or they can interact
specifically with the lithium ions to allow migration as free ions. Eventually,
an interface effect can be observed, but this effect has to be characterized
carefully as it seems to be very different to the one observed in conventional
liquid electrolytes.
A new class of electrolyte systems, which are disperse electrolytes in
the broadest sense, are “solvent-in-salt” electrolytes. Suo et al. introduced
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Figure 3.7: Schematic presentation of the assumed characteristics in the
space charge region of a liquid electrolyte filled with silica particles. One
particle surface is considered exemplary. The anions of the electrolyte are
assumed to be adsorbed on the silica surface, so that the concentration of
Li+ ions is enhanced in the space charge region. The width of the space
charge region is in the range of the Debye length λD.
highly concentrated electrolyte systems, which were classified as “solvent-
in-salt” systems [107]. There, the concentration of the salt can reach up
to 7 mol L−1 and the solvent-in-salt system exhibits high lithium transfer-
ence numbers up to tLi+ = 0.73. With high salt concentrations of 5 mol L
−1
the physicochemical properties of the electrolyte changes, as the salt domi-
nates the solution in weight and volume. The authors present the decreasing
number of solvated lithium ions with increasing salt concentration as an ex-
planation for the higher Li+ transference number. Additionally, Watanabe et
al. investigated equimolar mixtures of glymes with lithium salt [108]. The
authors succeeded in developing a new family of ionic liquids, as the glymes
are supposed to act like chelat ligands which form a complex with lithium
3.1 The electrolyte in a battery 43
ions.
In general one can say, several systems with dispersed particles have
been studied and reported in the literature. Supported by these observa-
tions, the noticed change in conductivity is dependent on the surface area
of the dispersed particles, although the conductivity mechanisms in the sys-
tems (solid, polymer, liquid) are different.
3.1.3 Conduction concepts for disperse electrolytes
Several observations have been reported wherein the transport properties of
a material (matrix material) are changed by the presence of a second phase
(filler). Classical approaches could not explain the often observed increase
in conductivity. The classical approaches by Maxwell [89] and Lord Rayleigh
[109] calculate the conductivity of two phase mixtures using the bulk con-
ductivity of each phase. Electrical double layers or fast conductivity paths
at the interface of two phases are not taken into account. Hence, three
complementary conduction concepts are discussed in the following chap-
ters. Firstly, the general volume exclusion assumptions by Maxwell for het-
erogeneous systems are presented. Secondly, the concept of space charge
regions between two solid phases with a fast transport path for ionic defects
is introduced and lastly the percolation theory as explanation for fast ionic
movement in heterogeneously systems is reviewed.
3.1.3.1 Volume exclusion assumptions
The calculation of the conductivity of dispersions is a long known problem.
Most research was focused on the limit regions, which are called “wet-limit”
and “dry-limit” region [110]. A second phase, usually gas or liquid bubbles or
spherical solid particles, is mixed into the volume of a liquid or a solid matrix.
In the “wet limit” the fraction of the added second phase is low, so that the
particles are widely separated, while in the “dry limit” the volume fraction of
the matrix material is low. For the calculation of the resulting conductivity σ








Figure 3.8: Graphical considerations to the volume exclusion assumptions
of Maxwell .
where ε is the volume fraction of the matrix phase. This equation is
based on the assumption of an electric field in and around isolated spheres.
The radii of the isolating spheres must be small compared to their distance.
Maxwell investigated the electric conduction through a low concentrated dis-
persion with non-interacting insulating spheres of conductivity σs [89] (cf. fig.
3.10). These spheres are embedded within a conductive medium with con-
ductivity σ f . For the potential of a single sphere in unbound space he stated
that
ϕK → 2σ f +σs−2(σ f +σs)(1− ε)2σ f +σs+2(σ f +σs)(1− ε) (3.8)
when ε→1. For dielectric spheres (σs = 0) this equation reduces to equa-
tion (3.7). Surface effects are neglected. Considering the conductivity of the
second phase (filler material) the following equation is achieved because of
ϑ = 1 - ε , with ϑ as the volume fraction of the filler material.
fσ = 1− 32ϑ (3.9)
Maxwell‘s formula is the earliest and best-known formula for the calcu-
lation of the conductivity of a heterogeneous medium consisting of a dilute
suspension of insulating spheres. Duan et al. presented a scheme that
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Figure 3.9: Measurements of Feitosa [110] and collected data of measure-
ments in the "‘wet limit"’ region and the "‘dry limit"’ region of several
two-phase-mixtures, with a graphical demonstration of particle distribution
in the limit regions.
generalizes the Maxwell formula for the case of heterogeneous media con-
taining multiple inclusions considering the orientation of the inclusions [111].





This formula describes the opposite limiting case of Maxwell and corre-
sponds rather to foam-like and “soggy sand”-type microstructures. It results
from the assumption of random orientation of plateau borders. The con-
duction is supposed to occur only through these plateau boarders (and not
through lamellar films). Lemlich found this equation for foams with low bulk
density [112] and it is based on a model proposed for liquid foams with bub-
bles of any polyhedral shape. For the intermediate region between “wet”
and “dry” limit an empirical formula, with analysis of several measurements
shown in fig. 3.9, was reported by Feitosa et al. [110].
These first considerations have to be regarded as guidelines to evaluate
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Figure 3.10: Graphical considerations to the volume exclusion assumptions
transferred to the present electrolyte system in this work.
the effect of any kind of filler due to simple volume exclusion assumptions.
The described assumptions do not include percolation effects or interfacial
conductivities in boundary regions. Once the mean conductivity is higher
than expected by volume exclusion considerations, interface and percolation
effects have to be taken into account.
3.1.3.2 Space charge regions
Interfaces appear as a boundary separating two different phases. In terms of
different states of matter this boundary is called the “surface”. The influence
of interfaces is often observed in heterogeneous systems [113]. Interfaces
exhibit special thermodynamic properties beside the structural differences
to the bulk. The chemical potentials for charge carriers and defects as well
as the concentration and mobility of the charge carriers at the interface dif-
fer from those in the bulk. Thus, special ionic and electronic conductivities
occur and multiphase systems with two or more coexisting phases are more
than simply the sum of its parts. Heterogeneously doped materials consist
mostly of an insulating phase dispersed in the matrix of an ionic conductor
(two ionic conductors in contact are also possible). These dispersions show
in many solid/solid mixtures an enhancement of the ionic conductivity. Many
published papers report enhancement effects achieved by dispersing insu-
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Figure 3.11: Electrochemical potentials in boundary regions with an insu-
lator A (Graphic after [120]).
lating oxides like Al2O3 and SiO2 in moderate ion conductors, mostly Li-,
Cu-, and Ag-halides. Especially in ceramic materials, the concept of het-
erogeneous doping has been well proven. Several theoretical models have
been proposed to explain the conductivity enhancement in heterogeneously
doped solid electrolytes [20, 114–117]. The majority of the models assume a
space charge zone as origin for the conductivity enhancement in two-phase
systems. These space charge layers act as a path for the fast transport of
ionic and electronic point defects. Important theoretical work in this field was
published by Maier and Wagner Jr. [21, 90, 118, 119].
The space charge concept is based on adsorption of defects at surfaces
and resulting differences in the local free energy of defects in the bulk and
at the surface. The space charge potential depends on the charge density
and therefore on the number of mobile (newly formed) charge carriers. It
represents the natural extension of volume-defect thermodynamics [119].
With a surface reactive second phase a great effect is expected, because
the mobile ions are either stabilized or destabilized at the interface, so that
the respective concentration of vacancies or interstitials is enhanced. In
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Figure 3.12: Logarithmic profile of the defect concentrations in the bound-
ary regions of a Frenkel disordered solid MX (Graphic after [120]) with
the following indications: M.i interstitial defects,V
′
M M-vacancy, e’ excess
electron, h. defect electron.
boundary regions with the assumption of an ideal insulator, meaning not
influencing the chemical potential of the components (µM, µX), an electric
field arises due to the zero-gradient of the electrochemical potential (µ˜) of
the mobile ions as shown in fig. 3.11. Consequently, the profile of the defect
concentrations split up as shown in fig. 3.12.
3.1.3.3 Percolation theory
The percolation theory is a macroscopic model based on the statistical treat-
ment of conductance resulting from a random distribution of second phase
and matrix particles. The percolation model and the space charge layer
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Figure 3.13: With a sufficient amount of filler material xc, above a percola-
tion threshold, percolating pathways arise.
model need to be linked in typical filled electrolytes, as the space charge
layer is a microscopic model only explaining the formation of a surface film,
whereas the percolation model couples these individual surfaces to an ex-
tended path [118]. Percolation models are relevant for compact mixtures of
conducting and non-conducting materials or homogeneous two-phase sys-
tems in which one phase is much more conductive than the other. Such
mixtures often exhibit a percolation threshold. Conduction thresholds in mix-
tures of conducting and non-conducting materials have been well reported
in the literature [118, 119, 121–131]. The highly conducting boundary lay-
ers of isolated particles embedded in a conducting matrix do not provide a
perceptible contribution to the overall conductivity. The effect is only strong,
if continuous paths are formed (percolation paths, cf. fig. 3.13). The perco-
lation theory requires threshold values at which the behavior of the system
changes qualitatively (first percolation threshold) [119]. A percolation model
starts with a collection of points distributed in space and certain pairs that
are supposed to be adjacent or linked. There may be many paths between a
given pair of points, but if there is at least one path, the points are said to be
connected [121]. Some basic percolation lattice models shall be mentioned
in order to consider the conduction in the presence of randomly distributed
excluded volumes under a variety of statistical constraints.
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Figure 3.14: Different models for percolation; (a) Bond percolation model;
(b) Site percolation model
1. The Bond percolation model (cf. fig. 3.14 a): In the simplest case
a random fraction of bonds is chosen. All properties are studied as
a function of the remaining bonds. The remaining fraction of bond
corresponds to the conducting volume fraction.
2. The Site percolation model (cf. fig. 3.14 b): The fraction of removed
sites is selected. There is a strong spatial correlation to absent or
present nearby bonds.
3. The Correlated Bond percolation model: Random numbers for the
bonds are calculated and all bonds greater than some selected limit
are removed. Therefore, there is a statistical correlation. In this model
the remaining bonds are clustered together, whereas in the site per-
colation model the missing bonds cluster. Thus, if a bond is present,
its neighbors have a great probability of also being present.
For interfacial conductivity percolation behavior is typical. Hence, the con-
ductivity percolates as soon as the particles reach an adequate narrow spac-
ing. A conducting boundary layer formed around isolated particles in a con-
ducting matrix material can also affect the conductivity in the way that the
transport is blocked. Blocking of pathways by dry oxide particles can oc-
cur with higher volume fractions because porosity effects are involved (sec-
ond percolation threshold). With increasing number of linkages, the cluster
3.1 The electrolyte in a battery 51
size increases. Basically, the transition from a non-percolating to a perco-
lating state is a kind of phase transition [121]. Studies of percolation on lat-
tices have been carried out with numerical and analytical techniques. There
are different percolation theories like the “effective medium theory” or the
“time-dependent percolation theory”. The models based on bond percola-
tion are well described by a simple effective medium theory, except close to
the threshold value. The effective medium transport theory is applicable to
an extremely wide class of systems. Broadbent and Hammersly [122] were
the first to formally study percolation thresholds in 1957. They introduced
simplified lattice models for the flow of a fluid through a porous (static ran-
dom) medium. They showed that no fluid will flow, when the concentration
of the active material is smaller than the threshold value. They also con-
sidered a percolation probability for a given region of the active medium to
be well connected to the rest and therefore available for conduction. Fur-
thermore, for low fractions of oxide filler material the double layer repulsion
works against the percolation leading to small conductivities [123]. Based on
a few works a spatial picture of the percolation threshold has emerged [124].
The stages of site percolation are described using a lattice with N sites (N
is a large number). For low particle concentrations (x « xc) the allowed sites
x occur in small isolated clusters of adjacent sites. Larger clusters occur as
x increases and therefore the average size of a cluster increases constantly.
When xc is reached the larger clusters start to merge, creating a few very
large clusters. For the limit N → ∞ the mean cluster size diverges at xc.
Then a complete path of allowed sites is formed, and the macroscopic flow
through the system becomes possible. The path appears as soon as x > xc.
In conclusion, all of the three conduction concepts are not perfectly appli-
cable for the investigations in the following work. As the described measure-
ments in this work show that the filler materials decrease the conductivity of
the pure electrolyte, the volume exclusion after Maxwell was calculated. In
some cases the conductivity trend differed from these estimations and there-
fore the model of space charge regions was taken into account. Percolating
pathways cannot be excluded, but seem to be improbable for the examined
composite electrolytes, as the volume fraction up to 7.5 wt% is assumed to
be too low for the built-up of a percolating network.
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3.1.4 Silica materials as filler
Several inorganic materials like inert oxide particles TiO2, Al2O3 or SiO2 are
used as filler materials in electrolytes to improve characteristics like con-
ductivity or mechanical behavior. Most of these filler materials are cheap,
available in large quantities and harmless. Silica materials are widely used,
as they have some major advantages. Actually, silica materials can easily
be produced with varying surface areas, particle sizes, pores and surface
functionalizations, as shown in fig. 3.15. This means that silica materials
can be tailored to the requirements of different systems. The grafting pro-
cedure shown in fig. 3.15 is a simple method to modify silica materials,
retaining the silica structure. Mainly organosilanes of the type (R2O)3SiR1
are used to functionalize free silanol-groups on the inner surfaces of meso-
porous silicas. A broad variation of the organic rest R is possible, though the
porosity of the mesoporous material is reduced. Silica particles can interact
in several ways with a head group of a surfactant, dependent on the pH (cf.
fig. 3.16). The dominating interactions are of electrostatic nature (fig. 3.16
a-d), but with the use of non-ionic surfactants attractive interactions are me-
diated through hydrogen bonds. The reactions can take place under acidic
and basic conditions, whereby in some combinations a mediator ion is nec-
essary (b; c).
Especially the simple synthesis of mesoporous silica materials makes
them attractive as filler material. As the surface area of mesoporous ma-
terials is high, the surface functionalization can be very effective. The re-
sulting organic-inorganic hybrid materials can have enormous influence on
the movement of ions and they can be produced with special characteristics.
Due to the manufacturing process it is easy to vary the particle size within a
wide range by changing the synthesis temperature. Silica materials can also
be synthesized with a variety of morphologies. Additionally, the porous silica
materials can be produced with different pore geometries (e.g. SBA-15 and
MCM-41 have hexagonal pore systems; KIT-6 has a cubic pore system).
Particularly polymer electrolytes have been well studied with silica mate-
rials as fillers. Silica materials in polymers reduce the degree of crystallinity,
as already mentioned in chapter 3.1.1. In general the segmental motion of
polymer chains in amorphous regions contribute more pronounced to the
ionic conductivity. There, fumed silica materials are widely used. The in-
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Figure 3.15: Schematic presentation of the grafting procedure with
organosilanes to reach silica material with organic surface functionaliza-
tion; source: [132].
terest in fumed silica as filler material is a result of its unique ability to form
network structures in liquids [92]. The silanol groups have hydrophilic char-
acter for the polymer matrix material, but they can be replaced by hydropho-
bic ligands. Therefore, these materials are inserted into a polymer elec-
trolyte to enhance the ionic conductivity, mechanical properties and even
chemical stability [133–138] or to inhibit dendrite formation in lithium metal
batteries [139]. Additionally, mesoporous SBA-15 as well as MCM-41 silica
material were added to PEO-based electrolytes to improve electrochemical
properties and stability towards the lithium electrode [140–142]. Core-shell
structured silica particles were added as well [143]. With addition of silica
nano-particles to the polymer electrolyte an all solid-state polymer battery
has been constructed [144, 145].
In methanol fuel cells silica are applied to the membrane to reach higher
operation temperatures and better oxidation kinetics [146], whereas the use
of silica materials (fumed silica) in photoelectrochemical cells leads to the
solidification of ionic liquid electrolytes with good results [147]. Even amine
group-functionalized silica were tested [148]. Furthermore, silica nanoparti-
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Figure 3.16: Possible interactions between the head group of a surfactant
and the inorganic species in acidic, basic or neutral medium through elec-
trostatics S+I− (a), S+X−I+ (b), S−X+I− (c), S−I+ (d) or hydrogen bonds
S0I0/N0I0 (e), S0(NX)0 (f); source: [132].
cles are used in electrolyte membranes to minimize the water uptake [149]
or to act as trapping medium for impurities, again mainly water, in electrode
materials and electrolytes [145]. For the electrode application a porous film
of the nanostructured silica materials covers the electrode [150]. As a result,
the fumed silica material seems to have a stabilizing effect (enhanced cy-
clability, reduced interfacial resistance) on the cell performance of a lithium
battery [151].
A remarkable application of silica materials is the use of silica glasses. A
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network is filled with ionic liquid, whereby high ionic conductivity is combined
with high mechanical strength in a solid electrolyte material [152].
The confinement of ionic liquids within a silica-derived network results in
so-called ionogels [153]. These were found to have the same conductivity
as pristine IL’s and excellent thermal stability. Correspondingly, the group
of Archer investigated a new organic-inorganic hybrid electrolyte, where the
ionic liquid 1-methyl-3-propylimidazolium bis(trifluoromethanesulfone)-
imide was tethered to silica nanoparticles (SiO2-IL-TFSI) [154]. These ma-
terials have more than three orders of magnitude enhanced ionic conductivi-
ties relative to either of the mixture components and they exhibit high thermal
stability. This concept is called “salt-in-filler” concept.
Filler materials are scarcely used in liquid electrolytes. The known appli-
cation as fillers are the “soggy sand” electrolytes [23], but the conductivity
effect seen with this composite electrolytes is controversial and still under
investigation (cf. chapter 3.1.2). An enhancement of the conductivity is ex-
plained with space charge regions and percolation effects, whereby silicas
were thought to be superior to other oxide filler materials like TiO2 and Al2O3
due to their higher acidity and therefore better adsorption of the anion. The
addition of filler materials to liquids is problematic due to segregation and
stability. Especially in organic electrolytes used in batteries the silica materi-
als react under decomposition.
In conclusion, silica materials as fillers have a proven and positive influ-
ence on the conductivity of polymers. For applications as trapping medium
of impurities like water, silica materials are well suited. Even for gelation or to
enhance the thermal stability, silica materials as filler can be implemented.
In liquids, segregation has to be avoided by using surface functionalization.
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4 Materials and methods
The electrochemical and mechanical behavior of disperse composite elec-
trolytes for lithium ion batteries with different silica materials as filler ma-
terials were investigated systematically. KIT-6, MCM-41 and SBA-15 silica
as well as commercial available silica particles were inserted into an elec-
trolyte consisting of 1 M LiPF6 in EC/DEC 3:7 in their basic form but pre-
dominately with surface modification. The ionic conductivities were studied
with impedance spectroscopy, surface potentials were examined via zeta
potential measurements and viscosity was studied with rheological meth-
ods. Moreover, changes of the electrochemical window were determined via
voltammetry measurements and the morphology of the silica materials was
investigated with SEM.
4.1 Silica materials
Several types of silica as filler materials have been used: mesoporous and
non-porous silica with different pore geometries, pore diameters, specific
surface areas and varying surface functionalization groups (listed in tab. 4.1).
Spherical silica particles have been purchased from different companies
(SiO2 nanopowder and SiO2 S5631 from Sigma Aldrich, Cab-O-Sil M-5 from
Fluka, silica gel 60 from Merck KGaA). Mesoporous silica materials SBA-15,
KIT-6 and MCM-41 were synthesized by slightly modified procedures apply-
ing different temperatures resulting in different pore sizes with respect to the
literature [155–157]. The synthesis, modification and characterization of the
non-commercial silica materials, have been carried out in the work group of
Prof. Fröba at the University of Hamburg as a part of a cooperation project.
Thereby, the surface modification was achieved via a post-synthetic grafting
procedure [12, 158, 159]. The mesoporous silica nanoparticles were syn-
thesized in accordance to the literature [160], whereas the preparation of
the spherical nanoparticles was done by Stöber synthesis [161]. All silica
were characterized with nitrogen physisorption. Characterization of silanes
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was done by 1H and 13C nuclear magnetic resonance (NMR) and mass
spectrometry (MS). The silica were analyzed with infrared spectroscopy (IR),
powder X-ray diffraction (XRD) and thermal analysis with mass spectrometry
(TG-DTA-MS).
For labeling of the filler materials the differences in synthesis tempera-
tures and surface groups were utilized (cf. tab. 4.1). The base material
(e.g. MCM-41) is always the first information. The notation KIT-6, MCM-41
and SBA-15 are very common and well-reputed, because they are acronyms
for the places of synthesis and do not describe characteristics of the mate-
rials (e.g. SBA-15: Santa Barbara Amorphous type material). Following
this, the commercial materials are named with their trade name, whereas
S5631 is the product number for better differentiation. The in-house syn-
thesized materials are distinguished with their synthesis temperature in ◦C,
followed by the surface functionalization group as required. The MCM-41
materials are differentiated with the lengths of the used precursor molecule
(e.g. C12). Im13 is the abbreviation for a imidazole surface group followed
by the counter ion hexafluorophosphate (PF−6 ).
4.1.1 Morphology of silica materials
SEM pictures to study the morphology of the silica materials were recorded
with a MERLIN microscope (Zeiss). For that purpose, the silica particles
were fixed on carbon pads and covered with platinum by sputtering.
4.2 Preparation of the dispersions
The organic electrolyte 1 M lithium hexafluorophosphate (LiPF6) in a mix-
ture of ethylene carbonate (EC) and diethylene carbonate (DEC) at the ratio
3:7 (w/w; >99.5 %, UBE Industries, Ltd.) was opened in the glovebox and
used as received. The water content of the pure electrolyte was determined
by coulometric Karl Fischer titration and was <15 ppm. The silica materials
were vacuum-dried (glass oven Büchi B-585) for at least 24 h at 60◦C, 80◦C
or 120◦C (surface-modified materials) and 300◦C (non-modified silica), re-
spectively. For the preparation of the disperse electrolyte samples, the ap-
propriate amount of silica material was added to the suitable mass of elec-
trolyte solution and dispersed with an ultrasonic finger (Hielscher, UP100H).
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Table 4.1: Investigated filler materials with their average pore widths, spe-
cific surface areas and specific pore volumes, each determined by nitrogen
physisorption. The item ’/’ means, that these materials are non-porous and
therefore have no values for characterizing pores.
material average pore specific surface specific pore
width / area / volume /
nm [a] m2g−1 [b] cm3g−1[a]
SiO2 nanopowder / 658 /
SiO2 S5631 / 156 /
silica gel 60 (Kieselgel 60) 7.0 376 0.734
Cab-O-Sil ∼ 46 [c] 224 1.532
MCM-41-C12 3.2 1034 0.648
MCM-41-C14 3.5 1266 0.876
MCM-41-C16 4.3 1141 0.991
MCM-41-C18 4.4 1153 1.153
SBA-15-50 5.1 348 0.372
SBA-15-140 10.1 392 1.003
SBA-15-140-aminopropyl 6.8 364 0.816
SBA-15-140-methyl 10.1 421 1.044
SBA-15-140-octyl 7.4 467 1.152
KIT-6-80 7.0 876 0.934
KIT-6-100 8.5 862 1.248
KIT-6-120 9.1 684 1.295
KIT-6-140 10.9 491 1.346
KIT-6-140-sulfonyl 8.8 509 1.041
KIT-6-140-aminopropyl 9.4 385 1.018
KIT-6-140-methyl 9.4 445 1.080
KIT-6-140-octyl 9.1 426 1.021
KIT-6-140-hexyl 8.5 669 1.166
KIT-6-140-Im13-sulfonic acid 8.8 391 0.802
KIT-6-80-PEO1000 7.0 271 0.462
KIT-6-120-PEO1000 8.1 299 0.617
KIT-6-140-Im13-PF6 8.8 362 0.877
KIT-6-140-Im13-PF6-HDMS 9.1 343 0.902
KIT-6-140-Im13-Cl 8.8 350 0.842
SiO2-nano / 290 /
SiO2-nano-Im13-PF6 / 315 /
SiO2-nano-SNP20 / 355 /
SiO2-nano-porous 11.7 [c] 516 1.614
[a] from Density Functional Theory (NLDFT) analysis of desorption data
[b] using BET method
[c] wide distribution 7 nm - 70 nm
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More precisely, mass fractions of approximately 1 %, 2,5 % and 5 % were





Complementary measurements were partially executed with a mass frac-
tion of 0.5 % and 7.5 % as well as 10 %, but only if it was possible due to
dispersing and material availability. All composite electrolytes were prepared
in a glovebox under argon atmosphere. The amount of water and oxygen in
the atmosphere was controlled and below 3 ppm.
4.3 Impedance spectroscopy
Classical methods in electrochemistry work with constant voltage (e.g.
chronoamperometry) or with alternating voltage of defined frequency com-
bined with high amplitudes (e.g. cyclovoltammetry). However, the electro-
chemical impedance spectroscopy (EIS) is more frequently used since mea-
suring instruments and software are easier to operate and faster. Especially
in terms of surface and interface research (corrosion processes, batteries,
sensors) the EIS is deployed [162].
Basically, for EIS measurements an alternating voltage (sinusoidal signal)
with varying frequency and small amplitude is applied to the analyzed sys-
tem. Since the frequency dependent impedance (AC resistance) of a system
is recorded, dynamic processes of charged particles can be observed. The
impedance spectra in Nyquist representation can consist of semi-circles and
lines. An equivalent circuit is often used to analyze and describe the elec-
trochemical system. Actually, the connection of impedance elements, either
parallel or in series, like ohmic resistance, capacitor etc. should exhibit the
same frequency dependent impedance behavior like the analyzed system.
In line with this, the impedance elements are attributed to physical character-
istics of the system. Nevertheless, this comparison is possible as long as the
charge carriers (ions) in the electrochemical system show similar impedance
behavior like electrons in resistances and capacitors, which is often problem-
atic. Hence, material constants (conductivity, dielectric constant), interface
processes as well as the capacity of interfaces can be investigated and the
differentiation between several sub-processes is possible [163]. For the ex-
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Figure 4.1: Experimental set-up of an EIS measurement with disperse elec-
trolytes and three-electrode array.
ploitation, the behavior of current I and voltage U under alternating current
in an electric circuit must be known. Ohm’s law only applies to AC current
measurements, if ideal resistances R are present. Thus, current and volt-
age oscillate out of phase, when capacities or inductivities are existent. This
means a description of U and I is possible with complex numbers solely. Ba-
sically, U and I can be expressed with application of the angular frequency
ω :
U =U0eiωt and I = I0eiωt+iϕ (4.2)
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Hence, with Euler’s formula (eix = cos x + i sin x) the impedance can be
split into the real component Z ’ and the imaginary component Z ”:
Z = Z′+ i Z′′ with Z′ =
U0
I0
cosϕ and Z′′ =−U0
I0
sinϕ (4.4)
Therefore, impedance spectroscopy is the measurement of impedance at
several frequencies. Accordingly, in a liquid sample two electrodes, more
precisely the working and the counter electrode, are immersed. The elec-
trodes can be well described as capacitors C, due to the formation of the
electrochemical double layer (cf. 4.1). With applying an alternating volt-
age to the system, reversible processes at the electrode are initialized. The
exchange of electrons between electrode and ions can be represented as
charge-transfer-resistance R. In line with this, the systems observed in the
present work, consisting of dispersed electrolytes, can be described with
an equivalent circuit out of a serial connection with two capacities (elec-
trode/electrolyte interfaces) and an ohmic resistance (electrolyte). Hence, a
perpendicular line in the Nyquist plot is expected for such an equivalent cir-
cuit. However, a slightly curved trend is observed for the dispersions, as the
electrodes are not perfect capacitors. Therefore, constant phase elements
(CPE) as impedance elements are used for polarizable electrodes like the
platinum electrodes. The CPE is composed of several small elements ar-
ranged in a defined way and is used to describe inhomogeneities of the
electrode material and their influence on the impedance [164].
4.3.1 Conductivity measurements
The electrical conductivity experiments were performed by potentiostatic
electrochemical impedance spectroscopy using a BioLogic SP150 potentio-
stat/galvanostat (BioLogic Science Instruments) controlled by the software
EC Lab and an EG&G Potentiostat/Galvanostat Model 283 (Princeton Ap-
plied Research) with PowerSuite 2.45 as software. Conductivity cells equip-
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ped with platinum ring electrodes (Mettler Toledo, Ccell = 0.8 cm−1) were
immersed into the sample in temperature-controlled glass bins inside the
glovebox. Actually, a minimum of 4 mL of electrolyte was needed to cover
the electrodes. For the first measurements an immersion measuring cell
with opposed platinated electrodes (Metrohm) was used. Most of the or-
ganic dispersions were stirred during the measurements to avoid sedimen-
tation. Although this influences the measurements in terms of percolating
path, stirring was unavoidable. Temperature was controlled between 0◦C
and 60◦C with a silicon oil filled thermostat (Julabo F32). Accordingly, the
measurements were performed in steps of 5◦C and the exact temperature
was determined with a thermocouple dipped into the dispersion. The set-up
is shown in fig. 4.2.
The impedance measurements were carried out between 100 kHz and
500 Hz with an amplitude of 50 mV and the resistance as equivalent circuit
was determined in the Bode plot with an ohmic resistance in a frequency
range at a 0◦ phase angle. The resistance could be measured with an ac-
curacy of 2 Ω and therefore the conductivity shows deviations at 25◦C of
0.3 mS/cm which corresponds to an uncertainty of approximately 5 %. The











The cell constant was determined using a 0.1 M aqueous potassium chlo-
ride solution with the same conductivity cells. Deviations were around 3 %.
The potassium chloride solution (Certipur) was purchased from Merck KGaA
with a nominal conductivity of 12.8 mS/cm.
4.4 The Zeta potential
The stability and homogeneity of colloidal suspensions is most affected by
the surface of the suspension particles. In simple material systems the
electrostatic repulsion of the particles contributes essentially to the stability,
which can be influenced externally. In this case methods like electrophore-
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Figure 4.2: Experimental set-up for the conductivity measurements.
sis, acoustic and streaming potential methods can be used to characterize
the surface potential of colloids. Actually, electrophoresis is the most com-
monly used method, whereby the so called zeta potential is derived from
the electrophoretic migration velocity and cannot be measured directly. The
charge conditions at the particle surface are influenced by the electrochem-
ical situation of the surrounding liquid, above all the pH value and the elec-
trolyte concentration, which defines also the conductivity [165]. The particle
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size and even the shape are also decisive.
Figure 4.3: Schematic presentation of the zeta potential. With distance
from the charged surface the Stern layer with the Stern potential is followed
by the slipping plane with the zeta potential before the bulk solution begins.
The zeta potential is the electrical potential at the shear layer of a moving
particle in a suspension as can be seen in figure 4.3. The first layer sur-
rounding a particle in a liquid consists of ions adsorbed at the surface due
to chemical interaction, called the Stern layer. The second layer of ions is
loosely associated with the particle via coulomb force. Hence, this diffuse
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layer can be sheared off during the movement through a medium due to fric-
tion and therefore, the particle exhibits a surface potential (zeta potential) at
the shear plane. The zeta potential is the electrical potential at the shear
layer of a moving particle in a suspension and is a function of charge density
at this shear plane, whereas the magnitude of zeta potential is lower than the
surface potential as the shear plane is located in a unknown distance from
the surface in the diffusive part of the double layer. The decay of the electro-
static potential with increasing distance from the surface is shown in fig. 4.4.
A difference can be seen between specific and non-specific adsorption. The
differences in Stern potential Ψs and zeta potential ζ are substantially. The
zeta potential varies for the non-specific adsorption with the concentration
of the suspension. The zeta potential delivers information about the magni-
tude of repulsion and attraction between particles and insight into dispersion
mechanisms. Statements about the systems stability of colloid suspensions
are possible as it is a key for electrostatic dispersion control. Moreover, in
this work the adsorption of ions on the surface of the silica materials and a
possible space charge region should be clarified.
In simple systems the zeta potential corresponds to the surface potential
of the particle. The received values have a sensitive dependence on the
concentration and type of ions in the solution. Hence, the zeta potentials
vary in a wide range with the surface conditions of the silica materials and the
solution medium. Normally, zeta potentials are measured in water but would
be meaningless for the observed dispersions as a non-aqueous electrolyte
was used. Therefore, to get a more realistic picture of the silica surface
potential in the observed dispersions, the zeta potentials were determined
with a highly diluted electrolyte solution. In order to obtain a correct zeta
potential, it is necessary to maintain the phase composition and distribution.
However, samples have to be highly diluted, as with increasing concentration
the double layer thickness decreases. The zeta potential decreases when
the concentration of free ions increases. At high enough salt concentrations
the double layer becomes very narrow and van-der-Waals forces overcome
charge repulsion. Hence, electrostatically stabilized colloidal suspensions
become unstable with addition of too much salt, called “salting out”. This
effect has to be considered when analyzing the electrolyte dispersions.
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Figure 4.4: Schematic presentation of the electrochemical potential trend
with increasing distance from the particle surface for non-specifically ad-
sorbed ions and the case of specifically adsorbed ions. Ψ0 is the surface
potential, Ψs the Stern potential and ζ the zeta potential.
A difference has to be made between specific adsorption of ions and non-
specific adsorption. Without specifically adsorbed ions on the surface, the
corresponding ions (from suspension or added salt) gather near the surface.
With diffusion (thermally-driven) the random distribution of ions increases
with distance from the surface. Thereby, the surface potential is decreased
to zero far away from the surface. The specific adsorption of counterions
leads to reversal of the sign of the zeta potential. The shear plane is then
shifted out further and has, for example, a negative potential if the surface is
positively charged.
The difficulty in measuring zeta potentials of suspended particles in non-
aqueous media is the low particle mobility. The understanding of elec-
trophoresis in non-aqueous systems is difficult, but empirical understanding
of stability and surfactant adsorption is possible.
Basically, an electrical field in an electrophoresis arrangement drives
charged particles between electrodes. The zeta potential is optically mea-
sured as the electrophoretic mobility UE. Hence, the zeta potential can be
obtained by measurement of the electrophoretic mobility and by application
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ζ : zeta potential
UE : electrophoretic mobility
ε : dielectric constant
η : viscosity
f (Ka) : Henry’s function
The case of f (Ka) = 1.5 is referred to as the Smoluchowski approximation.
This equation applies to dispersions where the particle radius is much larger
than the double layer thickness which is generally the case for particles
greater than 0.5 µm and an electrolyte concentration lower than 10−3 mol·L−1.
For small particles in media with small dielectric constant f (Ka) becomes 1.0,
which is referred to as the Hückel approximation. This is generally valid for
small particles with relatively thick double layers.
The method used in this work was Laser Doppler Velocimetry (LDV) (cf.
fig. 4.5). Here, a capillary cell with electrodes at both ends is used to which
a potential is applied. Ergo, particles move toward the contrary charged
electrodes. Therefore, an incident beam is focused on the sample and the
light scattered at the particles is detected at an angle of 17◦, compared
to a reference beam. The fluctuating intensity is particularly characteristic
for the frequencies of the signal. The intensity is proportional to the speed
of the particles and is extracted by a digital signal processor. A system
refinement modulates one of the laser beams with an oscillating mirror, to
get an unequivocal measure of the sign of zeta potential. In order to perform
measurements at any point within a cuvette a special technique, the M3-
PALS technique, is used.
4.4.1 Measurement of the surface potential
Surface potentials were obtained from electrophoretic zeta potential mea-
surements (Zetasizer Nano ZS, Malvern Instruments). A solution of 2 mM
LiPF6 in EC/DEC at the ratio 3:7 (w/w) was prepared and a silica mass
fraction of 0.05 wt% was added. The dispersions were prepared inside an
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Figure 4.5: Schematic presentation of the method LDV to determine sur-
face potentials; source: [165].
argon-filled glovebox and transferred into sealed capillary cuvettes. To clar-
ify the effects of the conducting salt, zeta potentials were also determined
in the pure solvent mixture EC/DEC 3:7 (w/w) without conducting salt. All
the measurements were carried out at 25◦C. The zeta potential was calcu-
lated from the measured electrophoretic mobilities using the Smoluchowski
model.
4.5 Rheology
Rheology is the field which deals with flow properties of materials. Samples
like solids, liquids or colloidal materials deform with stress due to external
forces. Correspondingly, viscoelastic and viscous properties of materials
are determined [166]. The measurement of the viscosity η is in rotational
rheometers dependent on the angular rate Ω and the torsional moment M,
where k is a constant depending on the used measuring system:





Furthermore, the viscosity is dependent on the shear stress τ and the





The shear stress is a basic information to describe material properties as it
is directly proportional to the measurable force. Basically, a sample is placed
in a measuring geometry, for example between two plates (or a cone-plate
geometry; geometries are shown in fig. 4.6). Then, the upper plate is moved
with the force ~F into an arbitrary direction and therefore the material in the
shear gap is deformed. Hence, if the force impact is vertical to the surface
normal, this motion is designated as shear strain. In accordance, the relation
of the force ~F to the area A is labeled as shear stress τ . Generally, different
measurement systems are used, dependent on the range of viscosity and
particle size.
Three geometries are used mostly: The plate-plate-geometry (fig. 4.6a) is
used for soft solids and samples with big particles. Unfortunately, the shear
rate is dependent on the particle radii. The cone-plate-geometry (fig. 4.6b)
has a shear rate independent of the particle radii and was developed for high
shear rates (γ < 106 s−1). Actually, it is used for highly viscous samples and
for measurements with a low amount of material. The coaxial cylinder geom-
etry (fig. 4.6c) is implemented for materials with low viscosity. Furthermore,
a distinction is made between several coaxial geometries. The material can
be sheared either continuously or oscillating. This results in measurement
dependent either on the shear rate, shear deformation or shear stress. Lin-
ear or logarithmic ramps can be chosen, whereas for time-dependent phe-
nomenons one dimension needs to be changed abruptly. For oscillating or
dynamic measurements a sinusoidal deformation is used. Hence, different
experiments like amplitude tests or frequency tests can be implemented.
The ideal liquid is the Newtonian fluid, which shows only viscosity and no
elastic and plastic deformation. In addition, linearity between shear stress
and shear rate with the viscosity as constant of proportionality is essential
for ideal liquids under steady flow (see fig. 4.7). Furthermore, for elastic
materials the deformation is reversible like for a spring, whereas the plas-
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Figure 4.6: Different measurement geometries used for rotational rheome-
ters [166]: a) plate-plate, b) cone-plate, c) coaxial cylinder geometry, c1)
dual gap, c2) ISO3219, c3) with air cushion
tic deformation is characterized with a present flow limit τ0 .This flow limit
denotes the range where the reversible elastic deformation ends and the ir-
reversible deformation begins. Above all, constant viscosity with increasing
shear stress is termed as Bingham behavior. However, for the rheological
classification of materials the dependence of the shear stress on the shear
rate is used.
Regarding fig. 4.7 it becomes obvious that materials do not always be-
have ideal under steady flow. Besides the Newtonian behavior, shear thin-
ning (viscosity decreases with increasing shear rate) and shear thickening or
dilatancy (viscosity increases with increasing shear rate) is possible. Soggy
sand for example shows the rare shear thickening. For the case of an ex-
isting flow limit and change in viscosity with the shear rate one speaks of
non-linear plastic behavior. For the visco-elastic behavior the material char-
acteristics are dependent on time.
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Figure 4.7: Classification of materials on the basis of the characteristics of
the shear stress dependent on the shear rate.
4.5.1 Viscosity measurements
The viscosity was determined with an Anton Paar MCR 302 rheometer in a
dry room ("Batteries and Electrochemistry Laboratory" (BELLA), Institute of
Nanotechnology, KIT, Karlsruhe, Germany). Thereby, samples were mixed
in a glovebox under dry argon atmosphere. The organic composite elec-
trolytes with variying silica mass fraction and several silica materials were
measured with plate-plate geometry at 25◦C and a 1 mm gap. A shear rate
between 0.001 s−1 and 1000 s−1 was chosen with a logarithmic ramp.
4.6 Voltammetry
Voltammetry is a generic term for an electroanalytical method, where the
dependency between current and voltage is observed in order to clarify re-
action mechanisms and chemical composition of materials as well as elec-
trochemical stability, generally to investigate thermodynamics and kinetics
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Figure 4.8: Schematic presentation of the voltage variation against time for
a) linear sweep voltammetry (LSV) and b) cyclic voltammetry (CV).
of chemical reactions. Cyclic voltammetry (CV) is the most commonly used
voltammetry technique, whereas the linear sweep voltammetry (LSV) is the
simplest one. Basically, for the LSV measurement the working electrode po-
tential is varied linearly in a fixed potential range as a function of time, as
shown in fig. 4.8 a.
Therefore, the voltage is normally scanned from a lower limit to an upper
limit and the current response is recorded. Relatively slow scan rates are im-
plemented, so that the electrode is in equilibrium with the surrounding bulk
solution. The characteristics in a recorded linear sweep voltammogram are
dependent on factors like the chemical reactivity of the electroactive species,
the rate of the electron transfer reaction and the applied scan rate. For the
very similar CV method a linearly increasing voltage is applied to the work-
ing electrode, which means that the potential is ramped to a given value and
then returned to the starting potential with the same rate (cf. fig. 4.8 b). Ac-
cordingly, the responding current is recorded and plotted against the applied
voltage. In case of chemical reaction, peaks in current are observed. These
current peaks can be used to characterize the type of occurring reaction, the
concentrations of reactants and the type of the electroactive species. Fur-
thermore, the electron transfer rate constant can be estimated by analyzing
the variation of peak positions as a function of varying scan rates. For cases
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with a non-reversible electron transfer considerably different behavior from
the reversible counterparts can be observed. The current peaks result from
the depletion of reactive species at the surface with achieving the reaction
potential. Critical parameters for a reproducible measurement are the purity
of the examined materials, the electrode and the choice of the scan rate and
the potential limits. The potentiostatic measurement is normally performed
with a three electrode arrangement, whereas the interesting reactions are
observed at the working electrode consisting commonly of an inert noble
metal like platinum or gold.
4.6.1 Voltammetry measurements
The linear voltammetry experiments were carried out in a sealed micro cell
(TransMit - Project Division for Electrochemical Materials Research and In-
terface Characterization, Marburg, Germany), shown in fig. 4.9. The dis-
perse electrolyte was kept in a platinum crucible which has a volume of
0.6 mL - 1.8 mL acting as counter electrode. In the cap glassy carbon (3 mm
diameter) acting as working electrode is embedded and a lithium reference
electrode is included. The reference electrode consists of a nickel wire with a
nickel clip in which a piece of lithium foil was fixed. The cell was filled inside
the glovebox with electrolyte solutions consisting of 1 M LiPF6 in EC/DEC
3:7 and 2.5 wt% of silica material. The temperature was kept constant at
25◦C using a Peltier element. The voltage was increased from 0.5 V to 7 V
with a scan rate of 5 mV · s−1.
4.7 Supplementary measurements
Additional measurements were done in terms of the electrolyte safety with
flame point measurements and in terms of examination of the basic mecha-
nistic model of dispersions with adsorption measurements.
4.7.1 Flash point measurements
Flash point measurements are interesting in terms of electrolyte safety. Hence,
it was investigated whether silica as filler material can increase or gener-
ally influence the flash point of organic electrolytes. A higher flash point
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Figure 4.9: Setup with a sealed microcell to determine the electrochemical
window by linear voltammetry.
would mean the electrolyte is less easy to inflame and therefore safer in the
later application. Flash point measurements were performed in an Elcome-
ter 6910, Setaflash series 3 (Stanhope-seta) with a closed aluminum cup.
Several dispersions with varying silica material and silica mass fraction as
well as the pure electrolyte 1 M LiPF6 in EC/DEC 3:7 were measured after
calibration. Therefore, the temperature was increased in steps of 1◦C and
around the flash point in 0.5◦C steps. After each temperature step the flame
of the Setaflash was shortly dipped into the cup with the sample, to screen
whether the flash point was already reached. In case of the reached flash
point, the equipment gave a clear signal, because a thermally activated de-
tector determined the flash point. Thus, the risk of operating errors and the
inhalation of vapors were minimized. Butane (lighter fuel) was used as gas
for the flame and a sample volume of 2 mL approximately was needed. A
temperature range of 0◦C - 300◦C was possible. The measurements were
carried out with air environment.
4.7.2 Adsorption experiments
Adsorption measurements were performed to investigate the of ion adsorp-
tion at the silica surface. Therefore, varying electrolyte dispersions with dif-
ferent silica and silica mass fractions were made. Then, the conductivity
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of the pure electrolyte was measured followed by the determination of the
disperse electrolyte’s conductivity. After two hours without stirring or mixing,
most of the silica material had segregated and the conductivity of the resid-
ual liquid electrolyte was determined. Finally, the conductivity measurement
of the organic phase was repeated after a waiting period over night with
unaffected samples.
5 Results and Discussion
In this chapter the measurements that were performed to characterize the
disperse electrolytes, consisting of silica particles and the liquid organic
electrolyte 1 M LiPF6 in EC/DEC, are presented and evaluated. First of
all, morphology investigations by SEM are shown followed by a graphical
analysis of numerous conductivity measurements executed with impedance
spectroscopy. Within this processing the conductivity trends are correlated
with surface areas and pore width of the silica materials. Furthermore, the
activation energies for the migration of ions through the solution are cal-
culated with the Vogel-Fulcher-Tammann (VFT) equation. In the following,
the results of zeta potential measurements and the effects on the network
structure of the disperse electrolytes as well as the possibility of an adsorp-
tion mechanism of electrolyte ions at the silica surface are discussed. The
evidence of network structures within the silica particles was further inves-
tigated by rheological measurements, with the focus on viscosity. Some
supplementary measurements are described at the end of this chapter, i.e.
flash point testing.
5.1 Morphology of silica materials
The morphology of filler materials in dispersion may have significant in-
fluence on the colloidal behavior and therefore the conductivity behavior.
Hence, SEM pictures of several used silica materials were recorded in or-
der to be aware of strong differences. In fig. 5.1, SEM pictures of basic
materials are shown with different magnifications. It can be seen that the
KIT-6-40 material consists of individual particles with a spherical structure,
whereas the SBA-15-140 material is composed of long chains which form
elongated particles. In comparison, the SiO2 S5631 and the MCM-41-C18
material show large agglomerates with porous surface structure. In fig. 5.2,
more SEM pictures of materials with special morphology are shown. The
SBA-15-140-octyl silica illustrates, that the elongated structure of the basic
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Figure 5.1: SEM pictures of non-modified silica materials illustrating evi-
dent differences in morphology. Scaling is not the same in the pictures, but
in each case in the µm-range.
SBA-15-140 material is preserved with surface modification. Also, the fluffy
surface of the aerogel Cab-O-Sil is shown and the rough surface of silica gel
60. The appearance of KIT-6-140 silica functionalized with imidazolium is in-
teresting, as isolated particles with clearly defined planes are present. This
differences in particles sizes and surface structures as well as agglomerate
formation are significant for the stability of colloids as intermolecular forces
are decisive. Therefore, the different morphology of silica materials will play
a role in the following discussion of the results.
5.2 Conductivity measurements
The conductivities σ of silica materials were measured systematically de-
pendent on temperature T and filler content ω , whereby the materials differ
in their porosity, pore sizes, specific surface areas, surface functionalizations
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Figure 5.2: SEM pictures of various silica materials showing differences in
morphology. Scaling is not the same in the pictures.
(see tab. 4.1) and morphologies. The results of the conductivity measure-
ments are shown graphically in the following. As can be seen in fig. 5.3,
the conductivity of electrolytes typically increases with increasing tempera-
ture. The measurements were stopped before the decomposition tempera-
ture was reached. The conducting salt LiPF6 decomposes at 76◦C, hence
the temperature dependent conductivity measurements were performed be-
tween 0 ◦C and 60 ◦C. Variations in linearity, as can be seen for KIT-6-80 in
the highest silica mass fraction of 7.0 wt% and temperatures higher than 300
K, result from segregation and starting decomposition phenomena. To avoid
deviations because of sedimentation, dispersions were stirred throughout
the measurements.
During the measurements, the decomposition of LiPF6 followed by the
degradation of silica material was observed. This was caused by higher
temperatures on the one hand and by traces of water in the electrolyte and
on the silica surface despite of intensive drying on the other hand. Basically,
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Thereby, HF is produced which reacts with SiO2:
4HF+SiO2
 2H2O+SiF4 ↑
This reaction leads to decomposition of the silica material after decom-
position of the conducting salt until filler and salt are consumed with water
acting as catalyst. With starting of the decomposition reaction gas formation
(bubbles) and an increase of the sample resistance was observed. However,
the decomposition started mostly at higher temperature and long measuring
times. Therefore, the surface of the silica materials were functionalized to
avoid or decelerate decomposition, leading to an increased stability. The
water amount of several dried silica materials was proven with TG-MS mea-
surements and was low, but still the water deposits were sufficient for the
activation of decomposition reactions.
The room temperature conductivities varied dependent on the age of the
electrolyte between 6.5 mS/cm and 7.2 mS/cm. In fig. 5.3, it can be seen
that the conductivity decreases with increasing silica mass fraction, which is
most obvious at temperatures above room temperature. Below room tem-
perature the conductivity varies for all silica mass fractions in a small range.
Taking measurement uncertainties into account, no significant difference in
conductivities is observed at low temperatures. Nearly similar scaling in the
diagrams was chosen to have a better comparison between the dispersions.
In the following, the relative conductivities at room temperature of elec-
trolyte dispersions with various silica materials depending on the added sil-
ica mass fraction are shown. Thereby, the relative conductivities are normal-
ized to the conductivity of the pure electrolyte σ0 because of the mentioned
variations in the electrolyte conductivity depending on the electrolyte age.
Furthermore, the change in conductivity compared to the pure electrolyte
can be easily recognized.
Fig. 5.4 shows the decrease of the relative conductivity at room temper-
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Figure 5.3: Temperature dependence of σ in the range of 273.3 K and
333.3 K (0◦C to 60◦C) exemplified for KIT-6-80 silica in various mass frac-
tions. Abbreviations are shown exemplary for the dispersion with 1.0 wt%
silica mass fraction. The dotted lines do not represent a functional relation
between conductivity and temperature, they are just added as guide to the
eye.
ature dependent on the content of KIT-6 material in dispersion compared to
the pure electrolyte, whose σ /σ0 value is 1.0. The gray line is the supposed
conductivity decrease of the Maxwell calculation with the assumption of a
volume exclusion due to isolating filler particles (cf. chapter 3.1.3.1). A lin-
ear decrease of conductivity with increasing silica mass fraction is expected
according to the calculation of Maxwell. Most of the silica dispersions show
a nearly linear conductivity dependence on the silica mass fraction. How-
ever, KIT-6 silica with different pore diameters show nonlinear behavior for
their ionic conductivity, dependent on the mass fraction. For a silica mass
fraction of 1 wt% a minimal conductivity enhancement (except for KIT-6-120)
is observed. This conductivity increase amounts to 2.3 % for the KIT-6-140
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silica. This increased conductivity for low silica mass fractions is not consis-
tent for the whole measured temperature range and therefore not reliable.
With increasing silica mass fraction the conductivity decreases almost lin-
early but much stronger than expected by Maxwell calculations. For mass
fractions higher than 7 wt% the measurements showed stronger deviations
from linearity. This might be due to adsorption or further blocking effects of
the charge carriers. Additionally, it seems that in higher silica mass fractions
other effects due to interactions of the silica particles with the electrolyte
become relevant, like a higher degree of segregation on the one hand and
faster decomposition promoted by higher water content of silica surfaces on
the other hand.
The comparison between the KIT-6 materials shows that KIT-6-140 and
KIT-6-120 have the smallest decrease of conductivity compared to the pure
electrolyte conductivity. The higher number indicates higher synthesis tem-
perature and therefore bigger pore diameters, whereas the pore diameters
differ for all KIT-6 silica at within 4 nm (10.9 nm for KIT-6-140 and 7.0 nm for
KIT-6-80). The specific surface area of KIT-6-80 is nearly 400 m2g−1 higher
than for KIT-6-140 (cf. tab. 4.1). Though, the conductivity differences among
the dispersions are only marginal as the measuring deviance‘s are approxi-
mately 5 % at 25◦C. Therefore, pore sizes and surface modifications seem
to have no strong influence on the properties of KIT-6 as filler material in
liquid electrolytes. Basically, KIT-6 silica exhibit a three-dimensional bicon-
tinuous cubic (Ia3¯d) periodicity of the pore system instead of a hexagonal
one as for SBA-15 and MCM-41 silica, which can be decisive for the ion
movement.
The decrease of the electrolyte conductivity with addition of silica mate-
rials is stronger in the case of MCM-41 materials (cf. fig 5.5), whereas the
initial drop with 1 wt% mass fraction is unclear. May be a process like ad-
sorption takes place where ions are hindered to contribute to conductivity.
However, after this drop the conductivity decreases only minimally but lin-
early for MCM-41-C16 (10 % drop) and MCM-41-C18 (6 % drop) with silica
mass fractions until around 5 wt%. MCM-41-C12 shows a strong decrease of
conductivity of 1.5 mS/cm from the beginning until a silica amount of 2.5 wt%
is reached. In higher mass fractions around 7.5 wt% the same problem of
deviations as with KIT-6 materials gets obvious due to faster decompositions
and segregation phenomena. Indeed, the decomposition reaction of MCM-
41 silica was faster compared to other materials. The overall conductivity is
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Figure 5.4: Relative conductivities σ/σ0 (normalized to the conductivity of
the pure electrolyte σ0) of composite electrolytes with KIT-6 silica materials
in 1 M LiPF6 in EC/DEC 3:7 at room temperature dependent on the silica
mass fraction ω . The dotted lines were added as a guide to the eye, and
do not represent a functional relation between conductivity and silica con-
tent. The gray continuous line shows the calculated conductivity decrease
after the Maxwell theory by the addition of an isolationg second phase to a
conducting phase.
smaller than expected based on Maxwell calculations. MCM-41 silica have
a more pronounced effect on the conductivity compared to KIT-6 silica, ac-
tually they cause the strongest decrease of conductivity in dispersion within
all observed materials.
They are synthesized in a basic process different to all the other materials.
Compared to the other materials they have extremely high surface areas,
three times higher on average. The pore sizes around 3.5 nm are small.
They form large particle agglomerates as can be seen compared to the other
silica materials in fig. 5.1.
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Figure 5.5: Relative conductivities σ/σ0 of composite electrolytes with
MCM-41 silica materials in 1 M LiPF6 in EC/DEC 3:7 at room temper-
ature dependent on the silica mass fraction ω .
Commercially available non-porous silica were investigated as compari-
son to the mesoporous silica materials (cf. fig. 5.6). SiO2 nanopowder and
SiO2 S5631 show nearly the same decrease in conductivity, however, higher
mass fractions of the SiO2 nanopowder could not be dispersed since the de-
composition reaction with the electrolyte occurred too fast. This shows that
the different particle sizes (10 nm - 20 nm for SiO2 nanopowder and 1 µm
- 5 µm for SiO2 S5631) have no influence on the conductivity behavior in
dispersions of these commercial silica. The non-porous SiO2 nanopowder
and SiO2 S5631 show only a small decrease of conductivity compared to
the porous materials even with high silica mass fractions up to 10 wt% (in
the case of SiO2 S5631 a drop of 0.7 mS/cm or 9.5 % between 0 wt% and
10 wt%). The specific surface area of the silica materials seems to have no
crucial effect on the conductivity as the SiO2 nanopowder shows a signifi-
cantly higher value (658 m2g−1) than SiO2 S5631 (156 m2g−1, cf. tab. 4.1).
5.2 Conductivity measurements 85
Thus, the bulk and the surface composition of the material seem to play
the crucial role. The particle morphology of SiO2 S5631 was observed with
SEM. In fig. 5.1 it can be seen that the particles have frayed and no clear
edges contrary to the KIT-6 silica particles for example. The particles are
more fluffy. Besides, an advantage of the small particles (nanoparticles,
nanopowder) is the better stability of the resulting dispersions. In this case,
no stable dispersion was obtained with the used silica as they segregated
rapidly. The time until segregation was individual for every silica material
and differed between seconds and hours. Thus, all dispersions were stirred
during the measurement.
Silica gel 60 and Cab-O-Sil are also commercially available silica materi-
als but they are porous (in contrast to SiO2 nanopowder and SiO2 S5631).
Silica gel 60 shows an unusual constant conductivity (variations around 1 %)
with increasing silica mass fraction up to a silica content of 5 wt%; afterwards
the conductivity decreases. Cab-O-Sil shows a conductivity decrease of 5 %
already with 2.55 wt% of silica mass fraction. The specific pore volume of
Cab-O-Sil is very high and the pore distribution is wide (1.532 cm3g−1; 46
nm). Furthermore Cab-O-Sil shows a special morphology as aerogels have
a superlattice. Considering the measuring deviations, the commercial mate-
rials nearly show theoretical Maxwell behavior.
Within various nanoparticles the porous particles reduce the conductiv-
ity more severely than the commercially available nanopowder in the mass
fraction of 2.5 %, as can be seen in fig. 5.7. The addition of 2.5 wt% of the
porous nano-material leads to a conductivity decrease of 1.2 mS/cm or 20
%. Actually, they were difficult to disperse as a homogeneous dispersion was
received only after 2 hours of treatment with a ultrasonic finger. The decom-
position of the particles in the electrolyte started during the measurement
and determination of conductivity with higher mass fractions was not pos-
sible due to fast decomposition. The surface of SiO2-nano-Im13-PF6 was
specially modified with anion-catching imidazolium groups, but the stronger
conductivity decrease compared to pure nanoparticles suggests negative
influence of this surface group on the conductivity of the pure electrolyte.
Possibly, the charge carriers are adsorbed. In contrast, the non-modified
self-synthesized SiO2 nanoparticles (SiO2-nano) behave extraordinary as
filler material as they do not affect the conductivity but maintain better me-
chanical electrolyte properties. Even with silica mass fractions of 7.5 % the
conductivity of the dispersion is the same as for the pure electrolyte, which
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Figure 5.6: Nominal conductivity of commercial available silica materials
dispersed in the electrolyte 1 M LiPF6 in EC/DEC 3:7 dependent on the
added amount of silica material at room temperature.
means a positive deviation from the considered decrease after Maxwell.
In order to examine the influence of standard organic surface groups on
the conductivity behavior of electrolyte dispersions, the surface of KIT-6-
140 was modified with various simple organic groups (methyl, hexyl, octyl,
aminopropyl and sulfonyl groups). The assumption was to create surfaces
that are able to catch the anion of the conducting salt to achieve a higher
amount of free lithium ions in the space-charge region as charge carriers
on the one hand and to reach higher stability of the silica material due to
a reduced amount of OH-groups on the surface on the other hand. These
materials with surface modifications show only small decreases of conduc-
tivity in dispersion compared to the pure electrolyte (see fig. 5.8). Like the
pure KIT-6 materials, the KIT-6-aminopropyl and KIT-6-octyl show minimal
conductivity enhancement in dispersion of 2-3 % with small amounts (1 w%)
of silica. The other functionalized materials show the expected decrease by
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Figure 5.7: Relative room temperature conductivity of porous, non-porous
and surface-modified silica nanoparticles. The conductivity is shown de-
pendent on the added amount of silica. The continuous line represents the
conductivity decrease calculated with assumptions of Maxwell.
calculation with the Maxwell equation. In the following, the modified KIT-6
materials show approximately the same values in conductivity with respect
to the measurement errors as the differences in conductivity are at most
0.5 mS/cm with a silica mass fraction of 7.5 wt%. No surface group could be
identified with obvious advantages in influencing the conductivity of a lithium
electrolyte.
Comparable measurements were done in the diploma thesis of Kerstin
Sann with SBA-15 materials (cf. [168]). There, the surface modification
with aminopropyl and octyl groups enhances the decrease of conductivity
compared to the non-modified materials but these fillers are more stable in
the organic electrolyte than the pure SBA-15 materials (see fig. 7.1 in the
appendix).
The surface groups were chosen as easiest attempt to reduce the den-
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Figure 5.8: Room temperature conductivity relative to the conductivity of
the pure electrolyte dependent on the added silica mass fraction ω of dis-
persions with alkyl and sulfonyl functionalized KIT-6 silica in 1 M LiPF6
in EC/DEC 3:7. The solid line is the theoretical decrease of conductivity in
dispersions calculated with the equation of Maxwell.
sity of silanol groups at the surface and therefore reach a higher stabil-
ity. IR spectra of organically functionalized silica showed that the SBA-15-
aminopropyl exhibits the lowest density of free silanol groups (Si-OH) at the
surface, whereas SBA-15-octyl showed the highest. An explicit correlation
between density of silanol groups and chemical stability against LiPF6 con-
taining electrolyte was found. SBA-15-aminopropyl with the lowest degree
of silanol groups showed the highest stability and did not decompose during
the measurement (approx. 4 hours).
Furthermore, the imidazolium group was tested as anion catching surface
group on KIT-6 silica material. The imidazolium group needed to be chemi-
cally saturated to be stable. Therefore, the anion PF6−, also present in the
conducting salt, was used. Cl− was also tested as counter ion, but was then
5.2 Conductivity measurements 89
rejected because of negative impact in an assembled lithium ion battery. As
can be seen in fig. 5.9, the imidazolium modified materials have worse influ-
ence on the electrolyte than the pure KIT-6-140 material, especially in mass
fractions until 2.5 wt%. A similar conductivity decrease with a mass fraction
of 2.5 wt% and the following increase at a mass fraction of 5 wt% of KIT-6-
140-Im13-PF6 and KIT-6-140-Im13-Cl is noticeable. The conductivity trends
of these materials vary around the Maxwell calculation up to a mass fraction
of accordingly 5 wt%. There, effects like agglomeration and decomposition
are more significant, whereas the pores of the KIT-6 materials are not taken
into account for the calculation. Afterwards, the KIT-6-140-Im13-PF6 was
additionally treated with hexamethyldisilazan (HDMS) to saturate remaining
silanol groups. Although this treatment was not convincing, a slight differ-
ence is obvious in the conductivity of the disperse electrolyte, as it does
not show the conductivity decrease at the silica mass fraction of 2.5 wt%.
Additionally, the material was easier to disperse.
Moreover, the KIT-6 silica materials were surface modified with polyethy-
lene glycol (PEO) groups, in order to reach a network through cross-linked
particles and therefore to avoid sedimentation. Hence, PEO1000 units were
chosen. As can be seen in fig. 5.10 the conductivity of dispersions with this
silica material is very similar to the pure KIT-6 materials. Small variations
become obvious for higher silica mass fractions of 5 wt%. There, the PEO
functionalized KIT-6-80 material does not exhibit the same conductivity de-
crease as seen for the pure KIT-6-80. All in all, the conductivity decrease is
only slightly below the calculated decrease due to volume exclusion assump-
tions. The dispersions with PEO groups were not really higher in viscosity
but harder to disperse and moreover, in dispersion the PEO-functionalized
silica also showed sedimentation.
Finally, as comparison to the isolating silica particles, lithium ion con-
ducting garnet particles of the type Li7−xLa3Zr2−xTaxO12 (LLZTO; varying
amount of Ta 0.375 < x < 1.5) were dispersed in the electrolyte. The parti-
cles sedimented quickly in a milky dispersion and the particles could hardly
be distributed homogeneously. In fig. 5.11 the conductivity of the garnet dis-
persion is shown dependent on the filler mass fraction. It can be seen that
the ion conducting particles also lead to a decreased conductivity, which is
very similar to the decrease calculated with the Maxwell assumptions.
The fast decomposition of some of the silica particles in the electrolyte
1 M LiPF6 in EC/DEC 3:7 motivated the use of a different electrolyte with
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Figure 5.9: Nominal conductivity at room temperature dispersions with im-
idazolium functionalized KIT-6 silica dependent on the amount of silica
material.
another conducting salt. The electrolyte SelectiLyte LF30 sold by Merck for
a short time contained lithiumtris(pentaflouroethyl)trifluorophosphat (LiFAP)
as conducting salt, which has higher moisture stability and releases less HF
than LiPF6 in solution. Therefore, this electrolyte was supposed to be an
alternative, particularly since the conductivity of this electrolyte was in the
same range as the used one, even slightly higher which can be seen in fig.
5.12. As the salt LiFAP is stable only in solution, a 1 M LiFAP solution in
EC/DMC 1:1 (LF30) was chosen. Surprisingly, the conductivity of the elec-
trolyte LF30 was nearly unaffected by the addition of silica material KIT-6-80.
Up to 5 wt% silica mass fraction the conductivity was constant after a small
initial decrease, although there was an obvious strong increase in viscos-
ity. Hence, the LF30 electrolyte shows good performance in dispersions and
further investigations would be interesting. However, the electrolyte was ex-
pensive.
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Figure 5.10: Relative room temperature conductivities of dispersions with
PEO1000 functionalized KIT-6 silica as a function of silica mass fractionω .
5.2.1 Correlation of conductivity with surface area and
pore width
To clarify the possible influence of specific surface area and pore width of
the silica materials on the conductivity in dispersion, selected correlations
are shown. The correlation of the relative conductivity of all observed silica
materials in the mass fraction of 2.5 wt% at 25◦C with the specific surface
area of the silica materials is shown in fig 5.13. There is no direct correla-
tion between conductivity and specific surface area of filler materials as the
conductivity shows large jumps with increasing specific surface area. Gen-
eral considerations originating from an adsorption mechanism of ions on the
oxide surface had led to the assumption, that the adsorption of ions is more
significant with larger specific surfaces. As the silica surfaces were modified
with special surface chemistry it became obvious, that the influence of these
surface gruops is stronger than the size of the surface area. There can be
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Figure 5.11: Relative conductivity of a dispersion with LLTZO as filler ma-
terial in EC/DEC 3:7 with 1 mol· L−1 LiPF6 dependent on the mass frac-
tion ω of the filler at 25◦C.
favorable as well as unfavorable surface groups for the movement of ions.
Not only the size of specific silica surface areas differs but also the morphol-
ogy and size of particles as well as pore widths for the porous materials. An
overall correlation of the pore widths (no graphic shown) of the porous ma-
terials and the conductivity shows the same inconsistent behavior like the
surface areas, whereas the differences in pore widths are not as big with
a maximum of ∼ 8.5 nm as the differences in specific surface areas. Due
to the morphology and surface chemistry differences more detailed informa-
tion can be obtained by correlation within individual groups of silica materials
which do not differ in morphology.
Hence, observing the correlation between surface and conductivity within
the diverse silica groups, a correlation can partially be seen. For the MCM-41
silica materials without any surface modification but with the highest specific
surface areas within all materials and the lowest conductivity in dispersion,
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Figure 5.12: Comparison between the dispersion conductivities of KIT-6-
80 in the electrolytes 1 M LiFAP in EC/DMC 1:1 and 1 M LiPF6 in
EC/DEC 3:7.
a connection between surface area and conductivity can be assumed. In fig.
5.14 the conductivity increases with increasing specific surface area. The
increase of conductivity is even nearly in the same range as the increase
in specific surface area, except for the MCM-41-C18. Here, the increase of
conductivity is clearly higher. This phenomenon might be due to the different
pore width of the materials. In fig. 5.15 it is graphically shown that the MCM-
41-C14 material shows a noticeable behavior, as it has smaller pores (∼
1 nm smaller) but higher surface area than MCM-41-C18 but nearly the same
conductivity. This leads to the assumption, that a combination of pore width
and surface area may play a role for the conductivity behavior of MCM-41
materials as filler material in the used non-aqueous electrolyte. This means
a favorable combination of pore width and surface area for a special silica
has to be found allowing good ion migration in disperse electrolytes.
Differences between the silica material groups like KIT-6, SBA-15 and
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Figure 5.13: Correlation of the specific surface area (blue dots) of all used
silica materials with the relative conductivity (black squares) at 25◦C of the
composite electrolyte with 2.5 wt% silica mass fraction.
MCM-41 can be found in the morphology, the particle size, the pore ge-
ometry and especially the surface chemistry. The pore width and specific
surface area of filler materials does not seem to be the main criterion for the
conductivity in dispersion, as in most silica material groups there is no clear
correlation.
The influence of surface groups can be seen, when conductivities and
pore widths within KIT-6 material with and without modification of the surface
(see fig. 5.16) are correlated. For the silica materials 1-4 with non-modified
surfaces it seems as if bigger pore widths are better for a conductivity en-
hancement, whereas it has to be mentioned that the difference in conductiv-
ity is small with maximum 4 %. For the KIT-6 materials with functionalized
surfaces and nearly the same pore diameter, stronger disparities are obvi-
ous. Thereby, the surface groups are supposed to have the main influence.
The sulfonyl-group, for example, has negative influence on the conductivity
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Figure 5.14: Relative conductivity (black squares) at 25◦C of MCM-41
electrolyte dispersions with the filler amount of 2.5 wt% correlated with
the specific surface areas (blue dots) of the MCM-41 materials.
in the electrolyte and the methyl-group has positive influence on the conduc-
tivity of the electrolyte as it is nearly not decreased by the filler material.
For the commercially available silica materials an interesting correlation
between the specific surface area and the relative conductivity in a 2.5 wt%
dispersion is found (cf. fig. 5.17). The materials Cab-O-Sil, silica gel 60
and SiO2 nanopowder show a good connection between increasing silica
specific surface area and increasing relative conductivity. The SiO2 S5631
shows exceptional behavior with a very small specific surface area and high
conductivity. In order to assess this, other influencing parameters like zeta
potential or network structures have to be taken into account.
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Figure 5.15: Relative conductivity (black squares) at 25◦C of MCM-41
electrolyte dispersions with the filler amount of 2.5 wt% correlated with
the pore size (blue dots) of the MCM-41 materials.
5.2.2 Calculation of the activation energy
The activation energy EA, needed for the migration of ions through a solution
has been determined. Variations in activation energies indicate that different
conduction mechanisms may be present. The temperature-dependent con-
ductivity of solutions can be described with an Arrhenius-type equation (cf.
section 3.1.1). All investigated dispersions, however, do not show a simple
Arrhenius behavior, i. e. the ln σ vs. T−1 graph deviates significantly from
linearity (cf. 5.18).
Accordingly, it is known in the literature [169, 170], that the simple Arrhe-
nius equation often describes the temperature-dependent conductivity for
liquid and polymer electrolytes above the glass transition temperature inad-
equately, therefore the empirical equation of Vogel-Fulcher-Tammann (VFT)
is applied (eq. 3.6). This equation was introduced to describe the viscos-
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Figure 5.16: Relative conductivity (black squares) at 25◦C of KIT-6 elec-
trolyte dispersions with the filler amount of 2.5 wt% correlated with the
pore size (blue dots) of the KIT-6 materials with and without surface
modification.
ity of glasses and polymers dependent on temperature, but is also used to
describe the temperature dependence of the conductivity. The additional
value in the VFT equation compared to the Arrhenius equation is the glass
temperature T g, at which the mechanical and thermodynamic properties of
polymers and glasses change substantially. This equation was found to fit
well for the measured silica dispersions as a formation of networks like in
polymers is assumed.
Instead of an experimental determination, the glass temperature was ob-
tained by a non-linear fit of ln σ vs. 1/T values (using the software Origin-
Pro8). A resulting VFT diagram is shown for the SiO2 S5631 material as
an example in fig. 5.19. Here, the temperature dependence of the prefac-
tor is considered as T−1/2. As can be seen, a linear dependency results
including the glass temperature T g. The corresponding glass temperatures
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Figure 5.17: Relative conductivity (black squares) at 25◦C of commercial
available silica materials in electrolyte dispersions with the filler amount of
2.5 wt% correlated with the specific surface area (blue dots) of the materials.
are mostly between 150 K and 200 K. Actually, the physical meaning of the
glass temperature for the observed dispersions remained unclear. Maybe, a
transition in the used silica material occurs, but no network or gelation could
be observed due to segregation of the particles.
The activation energies were estimated, to see whether the conductivity
in the dispersions shows different T dependance. Therefore, the activation
energies of the dispersions are compared to the activation energy of the
pure electrolyte, whereby the yellow array marks the activation energy of
the pure electrolyte in fig. 5.20 and fig. 5.21 with correlated errors. It is
noted, that the absolute values of activation energies are not indicative as
the calculation with three unknown variables is rather vague, whereas the
differences are crucial. No comparison with literature values of activation
energies is possible, as no values for activation energies of the movement
of Li+ ions in organic electrolytes could be found in the literature. There is
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Figure 5.18: Exemplary presentation of the Arrhenius diagram with silica
material S5631 for different mass fractions in 1 M LiPF6 in EC/DEC 3:7
compared to the pure electrolyte. A deviance from linearity (red line) is ob-
vious. The dotted line is just an guide to the eye and no correlation between
conductivity and temperature.
a review on conduction phenomena in Li+ ion batteries by Park et al. [170],
but only conductivity values are discussed.
As can be seen in fig. 5.20, the activation energies of several disper-
sions are located in the range of the actication energy of the pure elec-
trolyte 1 M LiPF6 in EC/DEC 3:7, when the calculation uncertainties are
taken into account. Especially the commercial materials S5631, Cab-O-Sil
and silica gel 60 as well as the the silica nanoparticles almost do not affect
the activation energy of the electrolyte. The activation energies are even
little less than that of the pure electrolyte. A decreased activation energy
indicates easier ionic motion, but it should be noticed, that this difference
is small. So it can be deduced, that these particles do not or only slightly
influence the ionic motion of ions in the composite electrolytes. This find-
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Figure 5.19: Exemplary presentation of the calculation with the Vogel-
Fulcher-Tamman equation (VFT). The SiO2 S5631 material is shown as
reference besides the pure electrolyte. Temperature dependence of the pref-
actor is considered and the glass temperature, received from a non-linear
adjustment, is taken into account. Accordingly, this results in a linear
dependence.
ing supports the conductivity measurements shown in fig. 5.6 and fig. 5.7.
Except of the Cab-O-Sil the other commercial materials have nearly stable
conductivities, especially in higher mass fractions and do not decrease the
conductivity as much as expected by Maxwell calculations. Within the results
for the nanoparticles, the SiO2-nano particles have an outstanding position
in conductivity measurements, as the conductivity of the pure electrolyte is
not affected with an amount of 7 wt% of particles. Moreover, the nano-
porous SiO2-particles had very bad impact on the conductivity and could not
be measured in higher mass fractions due to strong decrease of conductiv-
ity. This is not in accordance with the calculated activation energies, as they
show almost no difference.
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Figure 5.20: Activation energies of various silica dispersions with
1 mol·L−1 LiPF6 in EC/DEC 3:7 received from a non-linear adjustment
of the Arrhenius plot with the VFT equation. Dispersions with 2.5 wt%
mass fraction of silica are compared. Actually, the absolute values are not
crucial, but rather the differences. Special attention must be paid to the
yellow array marking the activation energy of the pure electrolyte with nu-
merical uncertainties involved. Hence, all dispersions are analyzed with this
as benchmark.
Some materials show large uncertainties in activation energy anyhow, re-
sulting from the calculation and measuring inaccuracies. The segregation of
the particles influenced the conductivity measurements the most and thus
the calculated activation energies. Basically, major differences compared to
the pure electrolyte can be seen for SBA-15-aminopropyl and the two MCM-
41-materials C12 and C14. These materials exhibit far greater activation
energies by approximately 30 meV, indicating hindrance of the ionic con-
duction. Accordingly, the MCM-41-C12 material shows a strong fall-off in
conductivity (cf. fig. 5.5) and could not be measured in higher silica mass
fractions. The SBA-15-aminopropyl also shows a stronger decrease of con-
ductivity in dispersion than other functionalized materials, which was shown
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Figure 5.21: Activation energies of KIT-6 silica dispersions with 1 mol·L−1
LiPF6 in EC/DEC 3:7 received from a non-linear adjustment of the Arrhe-
nius plot. Dispersions with 2.5 wt% mass fraction of silica are compared.
Actually, the absolute values are not crucial, but rather the differences. Spe-
cial attention must be paid to the yellow array marking the activation energy
of the pure electrolyte with calculated errors involved. Hence, all disper-
sions are analyzed with this as benchmark.
in prior works ([12, 168]). However, the MCM-41-C16 material does not
show an obvious difference in the conductivity measurement compared to
the other MCM-41 materials, although it has a lower calculated activation
energy. All in all, the MCM-41 materials in dispersion reduce the conduc-
tivity of the pure electrolyte stronger (minimum 10 % with 2.5 wt% silica)
than other investigated silica materials, which is in line with the calculated
activation energies, except of the MCM-C16 material.
Within the KIT-6 materials shown in fig. 5.21, only one strong deviation
is obvious. The KIT-6-100 material has more than double the activation en-
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ergy of the pure electrolyte. This strong deviation does not fit to the mea-
sured conductivities shown in fig. 5.4. Hence, this seems to be an error
in the measurement. The KIT-6 materials nearly have the activation energy
of the pure electrolyte. The materials KIT-6-hexyl, KIT-6-sulfonyl and KIT-
6-140-Im13-PF6 exhibit minimally smaller activation energies, referring to a
favored conduction mechanism. In the conductivity diagrams this favored
process would not become obvious, as the modified KIT-6-silica have only
small variations in conductivity. The KIT-6-140-Im13-Cl has approximately
the same influence on conductivity as the KIT-6-140-Im13-PF6. So again,
these differences in activation energy do not fit to the measured conductivi-
ties or it does not get obvious. Maybe this is due to the small differences in
activation energy, when the measuring errors are taken into account. In con-
clusion these calculations show, that the surface modification of KIT-6-silica
seem to have no influence on the activation energies of these materials in
dispersion.
The connection of the discussed deviations with the fitting process be-
comes more obvious, when a constant glass temperature Tg for the silica
materials is considered. As Tg should not vary much between the silica
materials, the average glass temperature was determined, so that the cal-
culation with only two variables was possible. With the average Tg of 178
K the activation energies for all dispersions were calculated again as can
be seen in fig. 5.22 and fig. 5.22. The activations energies of the disper-
sions have then only small differences as expected. The scattering is much
smaller with two variables. In the calculation with three variables the influ-
ence of the curvature of the data was too pronounced. This shows, that the
deviations may be fitting artifacts as the glass temperature and the activation
energy are opposing in value. The overall conclusion, that silica materials
have less influence and only small differences on the activation energy for
the movement of ions in a liquid lithium electrolyte is hereby confirmed. One
additional observation is, that all of the functionalized KIT-6 silica materials
seem to have minimal higher activation energies.
5.3 Zeta potential measurements
Zeta potentials were determined in this work to get a picture of adsorption
phenomena at the surface and influences of surface charge on the stability of
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Figure 5.22: Activation energies of various silica dispersions with silica
mass fractions of 2.5 wt% and 1 mol·L−1 LiPF6 in EC/DEC 3:7 received
from a non-linear adjustment of the Arrhenius plot with the VFT equation
are shown. The calculation was done with two variables as a constant Tg
of 178 K was assumed. The yellow array marks the activation energy of
the pure electrolyte as benchmark. Calculation deviations do not exceed the
dimensions of the data points.
the dispersions. This is possible because the zeta potential in particular sys-
tems is dependent on the surface chemistry and also on the interaction with
the surrounding environment as the zeta potential is related to the charge
density arising from the surface of particles or species attached to it. Hence,
the electrical potential depends on the ionic composition of the medium.
As the absolute value did not seem to be the decisive value, zeta po-
tentials of the silica materials were additionally measured in the solution of
EC/DEC with the ratio 3:7 (without the conducting salt) besides the disper-
sions in the electrolyte 0.002 M LiPF6 in EC/DEC 3:7. In solvents with mod-
erate permittivity εr (εr > 0) a certain degree of ionization is possible whereas
in non-polar media with low permittivity no full ionization is possible. In such
media, particles can acquire charge and electrostatic force due to acid-base
interactions between particle surface and dispersing agent. The permittivity
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Figure 5.23: Activation energies of KIT-6 silica dispersions with 1 mol·L−1
LiPF6 in EC/DEC 3:7 and a silica mass fraction of 2.5 wt% received from
a non-linear adjustment of the Arrhenius plot with the VFT equation are
shown. Calculation deviations are included in the dimensions of the data
points and the yellow array marks the activation energy of the pure elec-
trolyte for comparison.
of EC/DEC with the ratio 3:7 is approximately εr = 29.
Basically, the absolute values of the zeta potentials are difficult to interpret,
as the variation of particles and heterogeneous distribution of the surface
charge can lead to misleading conclusions. Anyhow, oxide surfaces may be
stabilized by ionic dispersants, as the surface charge density is increased.
In the specific adsorption process, counter ions of the charged surface are
adsorbed, resulting in final sign and magnitude of the zeta potential.
The difference between the zeta potential in the electrolyte (with Li-ions)
and the solvent mixture (no Li-ions) is a hint for adsorption of the anions or
cations of the conducting salt. The favored adsorption process at the oxide
surface, also described in the literature, is the adsorption of the anions [104,
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Figure 5.24: Zeta potentials of several silica materials in the electrolyte
0.002 M LiPF6 in EC/DEC 3:7 (gray) and in the solvent mixture
EC/DEC 3:7 (black) without conducting salt and therefore without Li+
ions. The red and green arrows symbolize the change in zeta potential when
adding the salt ions (green: decreasing potential to more negative values;
red: increasing potential to more positive values).
105], in this case of PF6− ions on the silica surface, so that the dissociation
of the Li+ ions out of ion pairs is enabled. This would lead to an enhanced
concentration of the essential charge carriers Li+ in space charge regions.
However, pure silica surfaces often have negative surface charges, which
leads to adsorption of the positively charged Li+ ions. Hence, the silica
surfaces were modified with special surface groups.
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The results of the zeta-potential-measurements are shown graphically in
fig. 5.24. The measurements had to be done fast and each with a new cu-
vette, otherwise the measurement was affected by obfuscation of the cuvette
material, as the solvents have probably reacted with the polymer material of
the cuvettes.
One interesting observation is that eight silica materials (mainly KIT-6 ma-
terials) have a zeta potential of approximately 0 mV in the electrolyte solu-
tion. The free ions in the solution shield the potential even more with higher
concentration and the double layer is confined. Therefore, the electrolyte
solutions have to be very diluted to measure a zeta potential different from 0
mV. For most of these materials, the surface potential in the solvent mixture
was slightly negative without conducting salt. This suggests a negatively
charged surface of the silica material.
Five of the materials (SiO2 S5631, SiO2 nanopowder, SiO2-nano, SBA-
15-140 and MCM-41-C12) have a negative zeta potential in the electrolyte,
whereas seven materials show a positive zeta potential and hence surface
potential. This would mean, that the materials with a negative zeta potential
have positively charged particle surfaces, which adsorb negative ions (PF6−)
at the surface. The opposite applies to the silica with positive zeta potential,
meaning the Li+ ions are preferably adsorbed at the silica surface instead of
the PF6− anions.
As already mentioned, the differences in the zeta potential in the two so-
lutions with and without conducting salt seems to offer more meaningful in-
formation, therefore this change is marked with arrows in fig. 5.24. Thereby,
change of zeta potential viewing from the solution without conducting salt
to the electrolyte solution is analyzed. The red arrows mark a zeta poten-
tial that gets more positive by addition of conducting salt ions, concluding
that the Li+ ions are adsorbed at the silica surface. The green arrows mark
a more negative zeta potential with addition of LiPF6, concluding that the
desired adsorption of PF6− ions is present at these silica surfaces.
The dispersions with SBA-15-aminopropyl, KIT-6-140-Im13-sulfonic acid
and the MCM-41-C14 show a zeta potential of nearly zero in the solution
mixture without conducting salt and a clearly positive (+6 mV to +10 mV)
potential in the electrolyte and therefore an enhancement of the zeta po-
tential. This might be interpreted as adsorption of lithium ions at the silica
surface which is the adverse than desired. The zeta potential of the SBA-
15-aminopropyl confirms the strong conductivity decrease in the dispersion
108 5 Results and Discussion
compared to the pure electrolyte (see fig. 7.1). Within several surface-
functionalized silica materials the SBA-15-aminopropyl shows the strongest
decrease of conductivity. This behavior could be expected as the amino
group favors the conversion with a proton, and therefore the amount of free
charge carriers is reduced.
Additionally, the amount of surface modification especially in the SBA-15
material with aminopropyl was very high, as in the IR spectra the character-
istic band for Si-OH groups around 900 cm−1 had disappeared (cf. [168]),
which was not the case for other functionalized SBA-15 materials. In con-
trast, the KIT-6-140-aminopropyl silica does not show any significant differ-
ence in conductivity behavior compared to the other simple functionalized
silica (cf. fig. 5.8) like KIT-6-140-methyl or -sulfonyl. Especially the KIT-6-
140-sulfonyl shows a very different zeta potential behavior as the zeta po-
tential gets more negative in the ionic solution.
The KIT-6-140-Im13-sulfonic acid, however, involves OH-groups again,
like the pure silica surface. These OH-groups favor the reaction with cations
like Li+. Therefore, this increase in surface potential from solvents to elec-
trolyte could be expected. In the conductivity behavior of KIT-6-140-Im13-
sulfonic acid (cf. fig. 5.9) nothing conspicuous can be observed. Especially
compared to the KIT-6-140-Im13-PF6-HDMS no significant difference is ob-
vious, although this material has a positive zeta potential, but decreasing
(less positive potential) with addition of ions. The post-treatment with HDMS
was carried out to saturate remaining silianol groups, but this was not ef-
fective. In the mass fraction of 2.5 wt% the KIT-6-140-Im13-PF6-HDMS has
a 4 % higher conductivity, but nearly the same like KIT-6-140, which shows
a more positive zeta potential in the electrolyte. Hence, no clear surface
potential influence on the conductivity behavior in dispersions is identifiable
here.
All the MCM-41 materials show a stronger decrease of the electrolyte’s
conductivity by addition of filler than other silica materials. Both of the mea-
sured MCM-41 materials show a more positive zeta potential in the elec-
trolyte solution than in the solvent solution. An unexpected phenomenon
is the zeta potential of nearly zero in the solvents without salt ions for the
MCM-41-C14 in contrast to the clearly negative surface potential of−15 mV
for the MCM-41-C12. The synthesis procedure for the MCM-41 materials
is the same, they only differ in pore width and specific surface area due to
different chain length of the used precursor. Hence, a similar surface po-
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tential was expected. However, the change in zeta potential is high for both
materials and it gets more positive with addition of LiPF6. Therefore, the
possible adsorption of a significant number of Li+ ions can cause the de-
crease of conductivity beyond the simple Maxwell calculation in dispersion
of approximately 5%, with addition of 1 wt% MCM-41 material (cf. fig. 5.5).
Several other materials show a more positive zeta potential in the elec-
trolyte than in the solvent mixture, but in the conductivity measurements
no noticeable difference or influence is obvious. Actually, the commercially
available silica materials S5631 and silica gel 60 show good conductivity be-
havior with nearly no decrease until mass fractions of 5 wt%, although the
zeta potential indicates an adsorption of Li+ ions.
Moreover, the differences in zeta potential for the KIT-6-80 and KIT-6-140
materials are only half of the differences for the MCM-41-materials, and the
conductivity behavior of the KIT-6 materials is nearly that expected from the
Maxwell calculation.
A lowering of the zeta potential and therefore adsorption of the anions is
shown by the nanomaterials and besides the already mentioned KIT-6-140-
Im13-PF6-HDMS, the KIT-6-140-sulfonyl. These changes in zeta-potential
are small and therefore do not strongly influence the conductivity behavior.
However, the nano materials SiO2-nano and SiO2 nanopowder show a good
conductivity behavior in dispersion, as they almost do not affect the elec-
trolyte conductivity and hence show conductivities higher than expected by
the Maxwell calculation.
Actually, most of the materials do not show an improved conductivity,
probably because the differences in the zeta potential in the two solutions
are too small. Furthermore, the absolute values of the zeta potentials are
also small; although it has to be taken into account that zeta potentials
are normally measured in water, where the dielectric constant is higher
(εr(H2O) ≈ 80 (20◦C), εr(EC/DEC 3:7) ≈ 29 (25◦C); εr for the pure EC
and DEC can be found in tab. 3.1). Therefore, smaller zeta values are
expected in the electrolyte. It has to be pointed out, that the electrophore-
sis techniques can only be applied to extremely diluted systems, like it was
done, but there is an uncertainty in extrapolating the diluted results to con-
centrated systems in reality. The method of acustophoresis seems to be the
better tool to study the adsorption of dipersants [171].
Generally, the greater the magnitude of the zeta potential, the more likely
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Figure 5.25: Effect of surface charge on particles in colloids and the result-
ing particle distance or behavior.
is the suspension to be stable (see fig. 5.25) and the smaller is the probability
of flocculation or sedimentation occurring. This is due to the greater repul-
sive forces introduced into the system which help to overcome the tendency
to aggregate. This simplest model of these phenomena arise from the DLVO
(Deryaguin-Landau-Verwey-Overbeek) theory. It is stated, that the stability
of a colloid is a balance between attractive van-der-Waals forces and electri-
cal repulsion due to surface charge. As the zeta potential approaches zero,
the electrostatic repulsion becomes small compared to the van-der-Waals
forces and the colloid will aggregate and accumulate (flocculation) followed
by sedimentation due to the attractive forces. In the case of gelation, the par-
ticles built up a network structure, with possible percolation path. Besides
the stable dispersion the gelation would have been a desired effect for the
investigated composite electrolytes. A full dispersion of ceramic powder is
therefore essential for the processing of the composite electrolytes, meaning
that no aggregates form.
5.3 Zeta potential measurements 111
In colloids the attractive forces can be encountered by repulsive forces to
separate particles. The specifically adsorbed ions can cause charge rever-
sal which may lead to a re-stabilization of the colloid. This is achieved either
by addition of charge to the particles (electrostatic stabilization, mostly done
with altering the pH) or by addition of polymeric molecules. Both ways were
tested firstly by introducing imidazolium groups and secondly by the addi-
tion of PEO groups on the surface. The goal was to achieve a gelation of
the particles in the electrolyte. Unfortunately, no stable dispersion could be
reached.
The higher zeta potential values in the electrolyte solution with conducting
salt, independent of the sign, show that the surfaces of these silica mate-
rials have a higher effective particle charge and therefore these particles
are stabilized a bit more in the used electrolyte. Higher zeta potentials of
approximately 10 mV in the electrolyte are shown by MCM-41-C14, KIT-6-
Im13-sulfonic acid, SBA-15-aminopropyl and the SiO2 S5631. These mate-
rials had indeed partially more gel-type characteristics and appearance than
the other materials.
The overall measured potentials are in the range of +10 mV to −18 mV.
Stable dispersions are obtained with zeta-potentials starting with +/−30 mV
as shown in tab. 5.1. This may also be a cause for the sedimentation of
the particles in the dispersions. As the zeta potentials are a good refer-
ence for the stability of colloidal dispersions, tab. 5.1 gives an overview of
zeta potential ranges and the associated stability. This table acts just as
an indication and is accurate especially for aqueous solutions. The stabil-
ity of the investigated silica dispersions is mainly influenced by the particle
size, the concentration and the pH. The surface charging in non-aqueous
media is extremely complex as even polar impurities, mainly water, are a
great influencing factor in magnitude and sign of the zeta potential. Again,
the determination of water impurities is essential. As the zeta potential for
the composite electrolytes continuously declines with higher concentration
of electrolyte solutions, it would have been helpful to measure the zeta po-
tential in even lower concentrated electrolyte solutions.
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Table 5.1: Assessment of the colloid stability dependent on the zeta poten-
tial (source: [172]).
5.3.1 Possibility of an adsorption mechanism
To review the numeric possibility of a specific adsorption mechanism of con-
ducting salt ions on the silica surface, a rough estimation of the amount
of Si-OH groups on several silica surfaces, which are supposed to act as
adsorption positions, was done. Additionally, the number of ions in an elec-
trolyte solution with 1 mol·L−1 LiPF6 was calculated.
Therefore, the first assumption is the presence of 1.5 Si-OH groups on
1 nm2 of the silica surface (this was assumed as a realistic number). For
several specific surface areas of silica materials and different silica mass
fractions the total number of adsorption positions was estimated in table 5.2:
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Table 5.2: Number of adsorption positions (OH-groups) on various silica
surfaces in different silica mass fractions.
specific surface area silica mass fraction number of
/ m2·g−1 / wt% adsorption positions / g
300 (SBA-15) 2.5 1.2·1019
10 4.5·1019
50 4.5·1020
600 (SiO2 nanopowder) 2.5 2.3·1019
10 9.0·1019
1266 (MCM-41) 2.5 4.9·1019
10 1.9·1020
The number of ions in an electrolyte with LiPF6 are considered for 4 g of
the electrolyte with a densitiy of ρ=1.165 g·cm−3. For an electrolyte with a
concentration of 1 mol·L−1 the following number of ions is calculated:
N(Li+) = N(PF6−) = n · NA = 2.58·1020.
For an electrolyte with a concentration of 0.1 mol·L−1 the number of ions
is one order of magnitude smaller:
N(Li+) = N(PF6−) = n · NA = 2.58·1019.
This calculation confirms the possible impact of adsorption on the con-
ductivity. The number of ions in the 1 M electrolyte are one order of mag-
nitude higher than the number of possible adsorption positions, but the the
influence of adsorption on the conductivity should be still noticeable. With
50 wt% of silica mass fraction for a silica with a specific surface area of
300 m2·g−1, the adsorption positions and the number of ions in a 1 M elec-
trolyte are in the same order of magnitude. However, this mass fraction
was not possible to disperse homogeneously in the used electrolyte. There-
fore, the easier approach was to reduce the number of ions by reducing the
concentration of the electrolyte. In a 0.1 mol·L−1 LiPF6 electrolyte the num-
ber of ions is one order of magnitude smaller and hence is in the range of
adsorption position of silica mass fractions between 2.5 % and10 wt%. Nev-
ertheless, this low concentrated electrolyte was not possible to measure at
temperatures below 10◦C, as the used solvent EC crystallized.
For further examination of the adsorption concept, special segregation ex-
periments were done (see fig. 5.26). Here, the conductivity of the electrolyte
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was measured before the addition of silica material. Then a defined amount
of silica material was added and dispersed for a certain amount of time. Af-
ter resting for some time, the filler material had sedimented. In the end, the
conductivity of the solvent was measured again.
In fig. 5.26, the results of this simple experiment are shown. As can be
seen, the conductivity of the electrolyte was not affected by the silica addition
and therefore, there is no hint for the adsorption of ions on the silica surface.
As in the conductivity measurements the overall conductivity is measured,
a decrease in conductivity with addition of filler material has to be observed,
regardless of whether the anions or cations of the salt are adsorbed on the
silica surface, because the amount of charge carrier is reduced. The con-
ductivity of the electrolyte is reduced with addition of silica material, but this
seems to be more a volume exclusion phenomenon due to isolating parti-
cles, as the electrolyte reaches the original conductivity with segregation of
the silica material. However, for the conduction in lithium ion electrolytes,
the amount of Li+ ions is decisive, and cation-catching surface groups are
obstructive. An enhanced conductivity can only be observed, if one sort of
charge carrier concentration is enhanced in the space charge regions and
these space charge regions overlap, so that fast conducting path (percola-
tion paths) are created.
5.4 Rheology
The rheological measurements were performed to determine viscosity vari-
ations and the possible formation of network structures. Therefore, the dis-
persions were sheared between two plates and changes compared to the
pure electrolyte were observed. The electrolyte shows Newtonian behavior,
as the viscosity of the material does not change after increasing the shear
rate. The viscosity is a characteristic of a material that expresses the inter-
nal friction of fluid systems. Newtonian fluids obey the Newtonian law (eq.
4.7), meaning that there is a linear dependence between the shear stress
τ and the shear rate γ˙ as well as unaltered viscosity η with change of the
shear rate. Hence, the viscosity is a material constant for Newtonian fluids
and the constant viscosity is sufficient to describe the rheological behavior.
Systems with elasticity and plasticity characteristics besides the viscosity
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Figure 5.26: Results of a segregation experiment to clarify possible adsorp-
tion phenomena. The conductivities of electrolytes with various segregated
silica materials were observed over time.
are non-Newtonian fluids as these characteristics lead to deviation from this
linear proportionality.
The rheological measurements showed, that no network is formed in the
case of silica particles dispersed in the organic electrolyte 1 M LiPF6 in
EC/DEC 3:7 as the dispersions show Newtonian behavior. Predominantly,
the dispersions showed the same viscosity behavior dependent on shear
rate like the pure electrolyte as shown exemplary for some materials in fig.
5.27 and the viscosity is independent of the shear rate. As was expected, the
materials segregated in the dispersions. Within the investigated materials,
the Cab-O-Sil and the SBA-15-140-octyl materials show special behavior in
dispersions. They both have higher viscosities than the pure electrolyte at
small shear rates of 1 s−1, which decrease with increasing shear rate. Even
the overall viscosities are higher. In theory, shear thinning materials show
a decrease of viscosity with increasing shear rates as can be seen in the
general classification diagram (fig. 5.29). In a diagram with a linear plotted
viscosity (fig. 5.28), it is obvious, that the behavior of Cab-O-Sil differs from
the other dispersions with shear thinning behavior and the SBA-15-140-octyl
differs also, but less pronounced. Shear thinning materials become more liq-
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uid with increasing shear stress as can be seen in fig. 5.29, which is often
correlated with a destruction of networks. A further explanation is the ori-
entation or deformation of particles in the fluid flow so that they cause small
flow resistances (see fig. 5.30). This pseudoplasticity or shear thinning is a
known characteristic of wet sand. Hence, these two materials show superior
behavior compared to most other investigated materials.
A main characteristic of the Cab-O-Sil is the synthesis as aerogel. With a
filigree network structure and big, open pores it differs in morphology from
the other investigated materials, which have mainly mesoporous or non-
porous structures. Due to the high porosity, the volume densities are ex-
tremely small (ρ = 0.004 g·cm−1 - 0.5 g·cm−1) and the gel structure is in-
herent. Hence, a special orientation of these particles under shear stress is
plausible (cf. fig. 5.30). Anisotropic particles, for example, align themselves
in the direction of flow, whereas isotropic particles arrange in parallel shear
zones. Deformable particles will be deformed under the flow dependent on
their elasticity. Knots of polymer chains can possibly dissolve into individual
chains by shearing. This also applies to aggregates, which can be decom-
posed to individual particles. In SEM pictures (cf. fig. 5.2) the fluffy and
agglomerate structure of Cab-O-Sil is evident.
With examination of the morphology of SBA-15-140-octyl particles shown
in fig. 5.2, it gets obvious that they have a lamella structure unlike the mostly
spherical dimensions of the other silica materials. These materials are ex-
pected to have special orientation under shear stress, but normally show a
decrease in viscosity and not the seen increase (cf. fig. 5.28). Moreover,
this special behavior of SBA-15-octyl is not seen for the KIT-6-140-octyl, al-
though it has to be taken into account, that the spherical appearance of
the KIT-6-140 particles is different (cf. fig. 5.1). However, this is not con-
vincing enough, as all the other SBA-15 materials with the same flat parti-
cle morphology show Newtonian behavior in the rheological measurements.
Perhaps the octyl-functionality leads to special behavior of these SBA-15-
particles, as these alkyl-groups have a chain structure compared to the other
surface groups. A comparison with a hexyl-surface-group would have been
decisive.
The application of the shear stress (τ) against the shear rate (γ˙) is shown
in fig. 5.31, as this is another typical diagram to identify material classes in
rheological experiments. Here, the gradient of the straight line is character-
istic for the used liquid. The comparison of the results with the theoretical
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Figure 5.27: Logarithmic plot of the room temperature viscosity η with the
shear rate γ˙ for several composite electrolytes. Dispersions with different
silica and varying silica mass fractions are shown. This graphic is not a
complete survey; only some materials are shown exemplary. The dotted
lines do not represent a functional relation between the viscosity and the
shear rate, they are rather added as guide to the eye.
classification supports the assumption of Cab-O-Sil as shear thinning mate-
rial. For the SBA-15-140-octyl it is not as obvious. Especially for the Cab-
O-Sil the gradient of the straight line is less than for the other materials with
Newtonian behavior and the beginning shear stress is higher.
With these experiments and comparison with general classification of ma-
terials, it can be assumed that the major part of the examined materials
show Newtonian behavior except of the Cab-O-Sil, which show shear thin-
ning behavior. The behavior of SBA-15-140 is not as clear as for the Cab-
O-Sil. In real experiments, there can be deviations from the linearity of
Newtonian fluids in the theoretical diagrams. Therefore, the specification of
SBA-15-140-octyl as shear thinning material or Newtonian fluid is debatable.
In fig. 5.3, the viscosity values of several dispersions with 1 wt% and
2.5 wt% silica mass fraction at the shear rate of 100 s−1 as standard are
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Figure 5.28: Linear plot of the variation of room temperature viscosity η
with the shear rate γ˙ for several composite electrolytes.
Table 5.3: Viscosities of composite electrolytes in comparison to the pure
electrolyte 1 M LiPF6 in EC/DEC 3:7 at a shear rate of 100 s−1 as standard.
Materials with a silica mass fraction of 1 wt% (left) and 2.5 wt% (right) are
each compared with the viscosity of the pure electrolyte (gray field).
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Figure 5.29: General classification of materials behavior under shear stress.
On the left side the dependence of the viscosity trend on the shear rate (flow
curve) is the criterion for classification of materials. On the right side the
shear stress as logarithmic scale against the logarithmic shear rate is shown
for the materials classes. This is also a typical diagram, as the gradient of
the straight parts are characteristic for the used liquid. This gradient is also
a measure for the shear viscosity.
compared in tabular form. The non-modified materials show nearly the
viscosity of the pure electrolyte in both mass fraction, which is low with
η = 3.91 mPa·s. Small variations may depend on the measurement. The
surface-functionalized particles have a marginally higher viscosity with
2.5 wt% silica mass fraction depending on the surface group. The
Figure 5.30: Influence of shearing on the disposition of various shear thin-
ning materials with different morphologies (source: [166]).
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Figure 5.31: Dependence of shear rate γ˙ on the shear stress τ of some se-
lected materials with special behavior.
SBA-15-140-octyl exhibits the highest viscosity of the modified materials
(η = 7.33 mPa·s) may be due to the organic rest. Interestingly, the PEO1000
chain does not influence the viscosity with 1 wt% of mass fraction. Actually,
this long polymer chain was expected to build up a network in order to reach
higher viscosities, even in small silica mass fractions. Within the silica ma-
terials measured in 1 wt% silica mass fraction, no significant differences in
viscosity have occurred.
What is evident is the decrease of viscosity of MCM-41 materials com-
pared to the pure electrolyte. This may be a hint for the bad influence on the
conductivity in electrolyte dispersions with MCM-41 materials as filler, be-
cause of fast sedimentation and instability. Normally, a decrease in viscosity
leads to a higher conductivity due to higher ion mobility. Another inconstancy
is the difference in viscosity values for the SBA-15-50 (η = 3.47 mPa·s) and
the SBA-15-100 material (η = 5.24 mPa·s). Hence, the data in tab. 4.1
show, that the SBA-15-100 material has a higher specific surface area than
the other examined SBA-15 materials. This is the only obvious difference be-
tween these materials. However, the comparison of viscosity values with the
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specific surface area of all materials does not show a clear trend. The high-
est specific surface areas are found for the MCM-41 materials with approx-
imately 1200 m2g−1 followed by KIT-6 materials (491 m2g−1 - 876 m2g−1)
and the SiO2 nanopowder (658 m2g−1). Though, these materials have dis-
tributed viscosity values around that of the pure electrolyte.
In the silica mass fraction of 2.5 wt% the viscosities of the dispersions are
higher than that of the pure electrolyte. Again, the non-modified silica ma-
terials like SBA-15-140 and silica gel 60 reproduce the viscosity of the pure
electrolyte and the functionalized materials show an increase in viscosity.
As already analyzed, especially the modified SBA-15-140 materials show a
different behavior compared to the pure SBA-15-140 material and the vis-
cosities are also higher. Therefore, the surface groups on silica materials
have decisive influence on the behavior of filler materials in dispersions.
The most obvious fact is the viscosity of commercial Cab-O-Sil, which is
nearly ten times higher in value compared to the electrolyte. In contrast to
all the other silica materials, this material showed a gel-like behavior already
visibly with bare eyes. The Cab-O-Sil has a wide pore distribution and a
small surface area compared to the other silica materials (cf. tab. 4.1) be-
sides the different morphology, which seems to be decisive for the stability
and network of dispersions.
The comparison with the conductivity behavior of Cab-O-Sil in the elec-
trolyte dispersion shows, that this positive mechanical behavior has a neg-
ative influence on the electrolyte conductivity, as the conductivity decreases
rapidly with addition of small amounts of Cab-O-Sil (cf. fig. 5.6). For higher
silica mass fractions than 2.5 wt% a homogenous dispersion could not be
reached. Unfortunately, a higher viscosity leads to a decrease in conduc-
tivity. Hence, the structure of Cab-O-Sil particles in electrolyte dispersions
seems to block the mobility of charge carriers, although the calculated acti-
vation energy (shown in fig. 5.20), is in the same range as in the pure elec-
trolyte or even slightly smaller. The zeta potential of Cab-O-Sil (cf. fig. 5.24)
is very low but seems to get a little more positive with addition of conduct-
ing salt ions. Consequently, the reduced conductivity of Cab-O-Sil seems to
be more the result of blocked ions pathways and high viscosity, rather than
adsorption phenomenons.
The viscosity trend in various mass fractions of the same silica was ex-
amined for the silica KIT-6-80. In graphic 5.32 the increase in viscosity with
increasing silica mass fraction is shown. With 1 wt% silica mass fraction no
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Figure 5.32: Influence of the added amount of silica mass fraction on the
viscosity for the silica material KIT-6-80.
change in viscosity (η = 5.24 mPa·s at 100 s−1) is observed compared with
the electrolyte. For a silica mass fraction of 5 wt% the viscosity increases
about 45 % (η = 5.67 mPa·s at 100 s−1; ∆η = 1.77 mPa·s) and with a silica
mass fraction of 9.9 wt% this increase is with 60 % and a viscosity value of
η = 9.08 mPa·s at 100 s−1 (∆ η = 3.41 mPa·s) even higher. Graphically
shown in fig. 5.33 this results in an approximately linear (taking measure-
ment errors into account) increase of viscosity with silica mass fraction, as
expected.
The correlation between the viscosity increase and the conductivity de-
crease (cf. fig. 5.4) with increasing silica mass fraction shows that the con-
ductivity also decreases linearly between mass fractions of 1 wt% and 5 wt%
with an amount of 12 %. Unfortunately, the conductivity was not determined
in higher mass fractions for KIT-6-80. However, in higher mass fraction the
other KIT-6 materials show irregularities, as there was a fast segregation and
decomposition. All in all, the decrease in conductivity is not as strong as the
increase of viscosity. Therefore, it can be expected, that other effects beside
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Figure 5.33: Connection of viscosity increase with added silica mass frac-
tion for KIT-6-80 material.
the viscosity have an influence on the conductivity in the observed disperse
electrolytes.
Nevertheless, the SiO2 nanopowder also exhibits a special viscosity be-
havior in dispersion (fig. 5.34). The viscosity of the dispersion with 5 wt%
silica material is twice as high (η = 13.8 mPa·s at 100 s−1) than the viscosi-
ties of other silica dispersions. This higher value may be due to the small
particle size and therefore special orientation or networking in higher mass
fraction. The constant viscosity with increasing shear rate indicates a New-
tonian fluid. This changes in the dispersion at a higher temperature of 50◦C
and 5 wt% mass fraction. There, viscosity decreases with increasing shear
rate. This characteristic is referred to a shear thinning behavior and was also
observed for the Cab-O-Sil material and can be due to fast segregation or
special orientation of the particles at higher temperature in this case.
Time-dependent conductivity and rheology measurements, meaning long
time as well as very fast measurements (without stirring), also gave no hint
for the appearance of time-dependent particle networks.
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Figure 5.34: Logarithmic plot of the variations in viscosity for the SiO2
nanopowder in different mass fraction at 25◦C and at higher temperature
dependent on the shear rate.
5.5 Electrochemical window
The electrochemical window is an important property of electrolytes for the
use in lithium ion batteries. A wide voltage range, in which the electrolyte is
stable is required to reach high voltage batteries.
The measured current with increasing voltage is the limiting factor to de-
cide whether decomposition has started. Thus, the limiting current has to be
defined in order to determine the electrochemical stability range. Fig. 5.35
shows the electrochemical stability range for several disperse electrolytes
dependent on different limiting currents. Only a selected number of filler
materials was examined to provide an overview. As there is no standard
definition which current value limits the electrochemical stability, the change
in size of the electrochemical window with three different current densities
was observed. Relatively small current values of 10 µA, 2 µA and 1 µA
were chosen, as a starting decomposition reaction was already assumed.
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Figure 5.35: Electrochemical stability measured vs. glassy carbon of com-
posite electrolytes with varying filler material. The silica mass fraction of
all materials was 2.5 wt%. Three different limiting currents as stop crite-
rion were chosen for comparison of the size of electrochemical windows.
The currents correspond to current densities of 1.4 A·m−2, 0.28 A·m−2 and
0.14 A·m−2.
These were current densities of 1.4 A·m−2, 0.28 A·m−2 and 0.14 A·m−2, as
the diameter of the electrode was 3 mm.
Between 2 µA and 10 µA as limiting current, the electrochemical window
of the electrolyte increased by 1 V, which is a decisive difference for the use
of an electrolyte. At 10 µA (1.4 A·m−2) the decomposition was obviously
reached, as the current then increased rapidly. This current was reached
by all filler materials at approximately the same voltage around 6 V. All dis-
persions had an amount of 2.5 wt% silica. At the top of the diagram the
electrochemical window of the pure electrolyte is shown, to compare the
change of electrochemical stability with addition of filler material.
For the comparison of the composite electrolytes a current of 2 µA (red
lines) is chosen, because it seems to be a realistic current value for the start-
ing decomposition reaction of the electrolyte and interesting differences are
most obvious. The electrolyte 1 M LiPF6 in EC/DEC 3:7 exhibits a stability
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window of 5.05 V vs. glassy carbon.
Changes in the electrochemical window compared to the pure elctrolyte
are obvious for the SiO2 nanopowder and the Cab-O-Sil material. The 0.5 V
lower electrochemical stability of the SiO2 nanopowder can be attributed
to the higher reactivity of small particles. Hence, the other nanoparticles
SNP20 and SiO2-nano-Im13-PF6 do not affect the electrochemical stability
of the electrolyte concluding that there is another influencing factor than just
the particle size. The dispersion with Cab-O-Sil as filler material shows with
5.56 V a 0.5 V higher electrochemical window compared to the pure elec-
trolyte. Therefore, it can be concluded that the formation of an interparticle
network, as it was recognized with rheological measurements, may lead to
a higher electrochemical stability. The current of 10 µA was not reached by
Cab-O-Sil in the scanned voltage range.
To sum up, the silica materials mostly do not change the electrochemical
stability window of the pure electrolyte, which may be due to a missing net-
work formation. The electrochemical characteristics of the composite elec-
trolytes are therefore dominated by the liquid fraction. The only exception
is the Cab-O-Sil, which has poor conductivity performance. However, these
characteristics fit to the enhanced viscosity of this material.
5.6 Supplementary measurements
Several additional measurements with no crucial results for the clarification
of conductivity phenomenons of silica materials in the electrolyte 1 M LiPF6
in EC/DEC 3:7 were done. A short overview is given in the following.
The conductivity measurements were also performed in an electrolyte with
0.1 mol·L−1 LiPF6 in EC/DEC 3:7, hence a lower concentrated electrolyte.
The basic consideration was the number of adsorption positions on a silica
surface: with a smaller amount of ions and therefore a better ratio of adsorp-
tion positions on a silica surface, a more notable effect on the electrolyte
conductivity was expected. Problematic with these measurements was the
instant flocculation and immediate sedimentation of the filler material in the
same mass fraction used in the 1 M electrolyte (1 wt%, 2.5 wt%). For silica
mass fractions of 0.3 wt% a measurement was possible, but no change in
the conductivity of the low concentrated electrolyte could be observed with
5.6 Supplementary measurements 127
different silica materials including nanoparticles. To reach a higher viscos-
ity and therefore a slower sedimentation of the silica the ratio of solvents
was changed to EC/DEC 1:1 with 0.1 mol·L−1 LiPF6. The temperature-
dependent measurements of these dispersions were only possible for tem-
peratures higher than 25◦C, because the EC crystallized at lower temper-
atures. Again, immediate measurements were only possible with very low
silica mass fraction due to fast sedimentation. Consequently, a direct com-
parison between the 1 M and the 0.1 M electrolyte and the influences of the
electrolyte concentration on conductivity was not possible.
In the field of battery safety the filler materials were thought to have a
positive influence on the liquid electrolyte. One assumption was that the
flash point of the highly inflammable solvents is affected in dispersions and
therefore, enhanced safety due to higher flash points could be reached. The
basic idea was, that the amount of liquid is reduced and bound at inert silica
particles which are not easily flammable. Hence, the flash points of several
silica dispersions with various amounts of silica were tested. Especially the
dispersions with gel-like appearance were measured and, if possible, high
silica mass fractions up to 10 wt% were added.
For all tested dispersions no change in flash point was observed. This
might be due to the missing network formation within the particles and there-
fore, the amount of liquid electrolyte was dominating for the flash point. A
change in flash point is supposed to occur in a stable colloidal dispersion
which was not reached with these materials.
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6 Conclusion and Outlook
Composite electrolytes consisting of the liquid organic electrolyte 1 M LiPF6
in EC/DEC with the ratio 3:7 and various dispersed silica filler materials
therein, were investigated with systematic electrochemical measurements
concerning conductivity, surface potentials, viscosity, network structures and
the electrochemical window.
Within all the performed measurements there is no clear trend in the be-
havior of silica filler materials dispersed in the liquid lithium electrolyte 1 M
LiPF6 in EC/DEC 3:7.
• Conductivity: The silica filler materials decrease the conductivity of
the liquid lithium battery electrolyte. The magnitude of this decrease is
dependent on the surface characteristics of the silica. An improvement
of mechanical characteristics could be observed with only small loss
of conductivity.
The conductivity measurements show predominantly a decrease in con-
ductivity with addition of filler material. Only with low silica mass fractions of
maximum 1 wt% there is a small conductivity increase, but this is not consis-
tent within the whole examined temperature range. Possibly, there is a weak
network formation at room temperature of a small amount of silica particles,
which is destroyed with increasing temperature due to the increasing energy
of the silica particles.
As the silica materials sedimented quickly stirring was necessary, hence,
leading to prohibition of possible percolation paths. However, for the oc-
currence of percolation paths higher filler concentrations than the used are
actually required, as the particles need to have small distances. Dispersions
with higher filler concentrations (silica mass fractions) than 10 wt%, some-
times even less, could not be reached with a homogenous distribution of
the silica materials in the electrolyte. Moreover, with longer dispersing times
decomposition reactions appeared.
130 6 Conclusion and Outlook
To prevent fast decomposition the silica materials surfaces were modified,
as the adsorbed amount of water on the silica surfaces led to decomposition
of the disperse electrolytes. This modification resulted in a reduced amount
of OH surface groups on the silica surface. Therefore, active surface groups
in terms of possible adsorption mechanisms could be reached. Due to the
faster decomposition reactions in higher filler mass fractions (> 5 wt%) and
sedimentation of particles, strong deviations in the conductivity measure-
ments of disperse electrolytes with high filler amount were observed. Hence,
the measurements of disperse electrolytes were more error-prone with in-
creasing silica mass fraction.
Figure 6.1: Overview of fundamental parameters that control the behavior
of particulate suspensions.
Possible overlapping space-charge regions with addition of more filler ma-
terial or even blocking effects, if the particles are too close, could rarely be
observed. As expected, the overall conductivity increased with increasing
temperature and decreased with increasing silica mass fraction as assumed
by Maxwell exclusion assumptions. For many dispersions an approximately
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linear conductivity decrease with increasing silica mass fraction is obvious,
but in some cases the decrease is stronger than expected by the Maxwell
model and in other cases the conductivity seems to be unaffected even by
silica mass fractions of 7.5 wt%. These variations around the conductivity
decrease expected within the Maxwell model lead to the assumption, that
other effects than only an exclusion volume are relevant. For more sig-
nificant results, it is necessary to reach stable dispersions with a network
formation between particles. Only then, reliable information about the con-
ductivity of disperse electrolytes can be gained. Moreover, stirring could then
be avoided so that potentially percolation phenomena could occur.
The correlation of conductivity of the disperse electrolytes with the surface
area and the pore width of the silica materials showed, that inconsistencies
are present. Within some material groups like MCM-41 materials, a depen-
dence of increasing conductivity with increasing specific silica surface area
could be assumed. Bigger pore widths also seem to be favorable for higher
conductivities. The important step forward would be a correlation with par-
ticle sizes which vary in a range of nm and µm but this was not measured
in this work and is therefore not determined for most of the silica. The par-
ticle size is decisive for the stability of dispersions and should be noticed for
further measurements.
The calculation of the activation energies out of the conductivity measure-
ments on basis of the VFT equation showed that a few silica materials in
dispersion lead to a much higher activation energy for the movement of ions.
The hindrance in the movement of the electrolyte ions was not obvious in the
conductivity measurements, as a stronger decrease of conductivity would
have been expected in these cases. The appliance of the VFT equation,
usually used for polymer electrolytes and ionic liquids, was a compromise.
This equation fits better to the dispersions than the Arrhenius equation, but
the meaning of the glass temperature for the dispersions is not clear.
• Surface potential: Zeta potentials are small and therefore colloidal
stability was not achieved. Several silica materials with special surface
groups show more positive zeta potentials with addition of conducting
salt, suggesting that Li+ ions are adsorbed at the silica surface.
A closer look to the silica surface charges with zeta potential measure-
ments showed small zeta potential values. Stability of dispersions increases
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with increase of zeta potential, whereas dispersions with low sedimentation
rates are reached with zeta potentials starting from 30 mV.
Most of the silica materials had zeta potentials around 10 mV or less, but
the overall values were not the essential value; the absolute value could not
reliably be measured. Hence, changes of the zeta potential in dispersions
with the electrolyte was observed in comparison to dispersions with the sol-
vent mixture without conducting salt and therefore without lithium ions. Many
silica materials (e.g. SiO2 S5631, KIT-6-140, SBA-15-aminopropyl, KIT-6-
140 sulfonic acid) showed a more positive zeta potential in the electrolyte
solution than in the solvent mixture, indicating an adsorption of Li+ ions at
the surface. This would be the undesired adsorption of ions, as the Li+
ions are the essential charge carriers. The favorable adsorption would be
that of PF6−, leading to a more negative surface potential with addition of
lithium salt. This more negative zeta potential in the electrolyte dispersions
is shown by materials like KIT-6-140-sulfonyl and the nanomaterials SiO2
nano and SiO2 nanopowder. It has to be noticed, that the differences were
only in a small range and therefore not significant.
A rough estimate of the number of silanol groups (adsorption positions) on
several silica surfaces showed that dependent on the specific surface area
the ratio of one of the ion species (concentration of 1 mol/L for the electrolyte)
to the adsorption position differs one order of magnitude. Ratios in the same
range would be reached with a silica mass fraction of 50 wt%. Nevertheless,
an adsorption effect should be notable even in silica mass fraction smaller
than 5 wt%. Due to the highest specific surface areas MCM-41 materials
have the highest number of adsorption positions. This can be one reason for
the strong deviation from volume exclusion assumptions and the strongest
decrease in conductivity within the different silica material groups.
• Rheology: The missing of a particulate network in the silica disper-
sions was confirmed in the rheological measurements as they showed
mainly Newtonian behavior. Cab-O-Sil showed a special characteristic
with a clearly higher viscosity.
Most of the silica dispersions showed Newtonian behavior in rheological
measurements except of Cab-O-Sil and SBA-15-octyl. These two materi-
als had higher viscosities and approaches of shear thinning behavior. As
expected, all dispersions had higher viscosity with higher amount of filler
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material. The overall problem of non-stable dispersions with fast sedimen-
tation was crucial for the rheology and the measurements confirmed that
no particle network was present in the dispersions. The special behavior of
Cab-O-Sil is considered to be due to the morphology of an aerogel.
• Electrochemical window: With the exception of Cab-O-Sil (larger
electrochemical window) and SiO2 nanopowder (smaller electrochem-
ical window), all materials showed the same electrochemical window
as the electrolyte without filler material, which might be due to the
missing particulate network.
The outstanding behavior of Cab-O-Sil was also present in determination
of the electrochemical window. Except of Cab-O-Sil and SiO2 nanopow-
der all other silica materials showed in dispersion the same electrochemical
window as the pure electrolyte. The smaller electrochemical window of SiO2
nanopowder might be due to the smaller and more reactive particles. The
higher electrochemical window of Cab-O-Sil is considered to be due the spe-
cial morphology an therefore better dispersion stability. The physical reason
for the change of the electrochemical window is unclear.
• Assessment: Several different characteristics of silica materials and
the constitution of the materials surface have influence on the electro-
chemical behavior of liquid lithium electrolytes in dispersion.
In conclusion (cf. fig. 6.1), the electrochemical behavior of lithium elec-
trolyte dispersions with silica materials is dependent on the particle morphol-
ogy and the particle size. The interaction of the ions in the electrolyte with
the filler material is influenced by the surface area and the surface charge as
well as the porosity. The preferential adsorption of ions and the dissociation
of ion pairs can be influenced by the type of surface group.
Summarizing the results of this work, with special design/modification/
functionalization of the surface of silica materials the electrochemical behav-
ior of these materials as filler materials in hybrid electrolytes can be changed.
The influence of the nanofillers can be positive and negative for the charac-
teristics of an electrolyte. No hybrid electrolyte with completely positive effect
of the filler material on the liquid electrolyte and a noticeable effect on the
conductivity, stability (electrochemically and mechanically) and safety could
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be reached. Considering the experimental results, a highly conductive liquid
lithium electrolyte can only be improved marginally, thus not yet in the way,
that the nanofiller concept becomes relevant in practice.
• Further work: There is much potential for further work covering differ-
ent aspects like the network formation and stable dispersions as well
as the lithium transference number or safety aspects.
All in all, for future experiments stable dispersions with a network between
the particles are essential. Maybe this can be achieved with special gelating
additives or addition of electrolytes (mixtures) with higher viscosity like ionic
liquids. The challenge is to use materials with a volume fraction such that the
good conductivity of the basic electrolyte is only marginally affected. Other
approaches are to synthesize materials with a predetermined network or to
reach a particle network with the polymerization of special surface groups
on the silica surface. The approach of polymerization of surface groups on
the silica particle surface was partially realized with PEO surface groups, but
needs to be further investigated in a systematic way. As first measurement
with predetermined network structure, the investigation of the conductivity
behavior of the electrolyte in monoliths with straight channels would be help-
ful. Yet, the preparation of a monolith with straight channels is a challenge.
Another interesting study in terms of particle networks would be the ob-
servation of formation and distribution of particles in the liquid electrolyte.
Therefore, SEM investigations are suitable, but the liquid component can-
not be examined in the vacuum of the SEM. Considerations in this direction
are the investigation of frozen dispersions in the SEM to get a picture of the
particle distribution and the potential particle ordering. An alternative is the
marking of the particles with fluorescent groups and viewing of the in situ
particle formation with a fluorescence microscope like done by Pfaffenhuber
et al. [173], where hints for a percolating network might be found.
Of special interest is the determination of the Li+ transference number in
the dispersions. Since only the overall conductivity of anions and cations in
the dispersion was measured until now, the interesting information would be,
whether the mobility of Li+ ions can be increased with addition of a filler ma-
terial. Considering the space charge regions a higher lithium transference
number in dispersions can be assumed, if an adsorption process of the an-
ions takes place. So far, it is impossible to measure the lithium transference
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number in a reliable way. There are several methods for the determination
of tLi+ published, but they are all riddled with errors or not usable for the dis-
persions. And again, for measurements of this type, stable dispersions are
the basic precondition to get reliable information. This was also the prob-
lem for the estimation of the lithium transference number by pulsed-field-
gradient-NMR (pfg-NMR) measurements. There, the lithium transference
number can be estimated by determination of the diffusion coefficient. This
measurement was tested in this work, but as the particles sedimented too
quickly no reliable values of diffusion coefficients in the dispersions could be
achieved.
In terms of safety calorimetry experiments would give information about
the influence of filler material on the risk potential of exothermic reaction of
the organic electrolyte. Especially, the Accelerating Rate Calorimetry (ACR)
enables the investigation of temperature and pressure trends as well as de-
composition points under real conditions. Dispersions of the liquid electrolyte
with a filler material seemed to have advantages concerning safety aspects,
as the liquid component is reduced or even bound in the ideal case. More-
over, as the mechanical characteristics can be changed with addition of filler,
the handling of the electrolyte is safer and leakage of batteries may be pro-
hibited with retain of the good conductivity of liquid electrolytes. Hence, the
inserting of the electrolyte into the battery during the assembling process
requires more effort as for liquid electrolytes. A pasty or gel-like electrolyte
need to be placed directly on the active material of the electrodes probably,
before insertion of the electrodes into a battery stack.
Finally, there is much potential in the search of appropriate materials for
electrolyte dispersions. Although a lot of systematic measurements were
done in this work with silica material as filler and an electrolyte with LiPF6
as conducting salt, it is necessary to find more stable filler materials or other
conducting salts as well as surface modifications with better surface groups.
Filler materials that do not decompose in reaction with the electrolyte, espe-
cially with the fluoride containing conducting salt, need to be investigated.
Besides the already examined Al2O3 or TiO2 in literature, new inert filler ma-
terials can be found. Maybe a closer look to the solid electrolytes like garnets
is worthwhile. If the silica material shall be maintained because of advan-
tages like easy preparation and designing of the material, other conducting
salts that have comparable conductivity to the LiPF6, but with less or even
without release of fluoride need to be synthesized. One promising salt is Li-
136 6 Conclusion and Outlook
FAP. It has shown less release of fluoride and therefore less decomposition
reaction, but it was not possible to further examine the salt in this work. The
search for modified surface groups on the filler surface that show effects like
effective adsorption of the anions PF6−, high zeta potentials and leading to
a built-up of a particulate network has only started with the presented work.
7 Appendix
Figure 7.1: Conductivity trend of dispersions with functionalized SBA-15
silica materials at room temperature dependent on the added silica mass
fraction.
138 7 Appendix
Figure 7.2: Values of the zeta potentials of the dispersions measured with
LDV in an electrolyte with 0.0002M LiPF6 in EC/DEC 3:7 and in the pure
solvent mixture EC/DEC 3:7.
139
Figure 7.3: Values of calculated activation energies with the VFT equation
and three variables.
140 7 Appendix
Figure 7.4: Values of calculated activation energies with the VFT equation
and a fixed glass temperature of 178 K.
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